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Addition of impure calcium carbonate in the form of 
limestone to acid soils is a long-established management 
practice in humid regions, where acid soils characteristical­
ly occur. Much significance is popularly attached to the in­
direct effect of calcium carbonate in increasing the avail­
ability of soil phosphorus to plants grown on these soils. 
The magnitude of the effect seems to vary with the conditions, 
however, and results of some experiments suggest that phos­
phorus availability has been decreased. 
The principal experimental problem in investigating 
this phenomenon is that there is no way to determine soil 
phosphorus availability unequivocally. Where biological as­
says are concerned, the difficulty is that the biological 
responses do not necessarily reflect the changes in phosphorus 
availability independently of the changes in other factors 
associated with application of calcium carbonate. Where 
chemical analyses on soils are concerned, the difficulty is 
that the results cannot be interpreted in terms of phosphorus 
availability independently of the biological assays. 
Methods developed recently provide a way of reducing the 
influence of extraneous factors on the biological evaluation 
of the phosphorus effects and of determining whether or not 
the differences in biological responses are influenced by 
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factors other than phosphorus availability. The existence of 
these methods was the principal justification for undertaking 
the work reported in this thesis on the short-term effects of 
calcium carbonate application on the availability of phos­
phorus in acid soils. It was hoped that, with the improved 
biological methods and the newer methods of chemical evalu­
ation of soil phosphorus, a close relationship between bio­
logical and chemical evaluations would be obtained, A close 
relationship would serve to substantiate the validity of both 
the biological and chemical evaluations. Supplementary 
measurements of the behavior and uptake of aluminum, mangan­
ese, and iron were made also on the possibility that the 
results obtained would aid in explaining specific effects of 
soils on the biological evaluations. 
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REVIEW OF LITERATURE 
Introduction 
This literature review is based primarily on the book by 
Black (1968), a monograph on soil phosphorus, edited by 
Pierre and Norman (195S), a monograph on soil acidity, edited 
by Pearson and Adams (I967), and a bibliography prepared by 
the Commonwealth Bureau of Soils (1967). 
Although this literature review is cbnfined to the 
effects of pH and liming on phosphorus, it may be appropriate 
to emphasize, as Jackson (1967) does, that liming simultan­
eously affects other soil characteristics. The fact that a 
number of soil properties change as the acidity is altered 
hinders determination of the significance of the individual 
effects. The sensitivity of plant species and varieties to 
such soil changes is diverse, and the extent to which these 
chemical and microbiological changes occur is a character­
istic of each soil. 
Effect of pH on Behavior of Aluminum and Iron 
Phosphates and Associated Hydrous Oxides 
This effect is chemical in nature and may be represented 
in an over-simplified way by the equation. 
4 
A1P04 30H = Al (OH) 3 + PO4 
This equation emphasizes the role of hydroxyl-ion activity, 
which is modified by application of calcium carbonate to acid 
soil. With an increase in pH or hydroxyl-ion activity, 
aluminum and iron phosphates release phosphate in soluble 
form. Hydrous oxides of aluminum and iron remain as a solid 
residue, 
Lindsay and Moreno (I960) described the effect in more 
quantitative terms and displayed the results of their cal­
culations in the form of solubility diagrams, which were 
based on solubility-product data. According to these authors, 
"changes that may be expected to follow the 
.application of lime to an acid soil can be 
readily predicted from the solubility dia­
gram. For example, liming an acid soil 
which is in equilibrium with gibbsite and 
variscite at pH^fpHgPO^ = 6.7) to pH7 would 
tend to precipitate gibbsite and dissolve 
variscite until a new equilibrium pHgPO^ 
level of 3.7 is reached. This, in effect, 
would result in more than a thousandfold 
increased concentration of phosphate in 
solution. Since such a phosphorus con­
centration would represent supersaturation 
with respect to all calcium phosphates shown 
on the diagram, any of .the calcium phosphates 
could precipitate at the expense of the varis­
cite phase, Dicalcium phosphate dihydrate 
might form initially, then dissolve, with 
concomitant precipitation of a less soluble 
calcium phosphate, until eventually fluor-
apatite would persist as the only stable 
phosphate phase. The precipitation of dical­
cium phosphate dihydrate could bring the value 
of pHgPO^ to 3.9; that of octacalcium phosphate 
to 4,5j hydroxyapatite to 6,9; and, finally, 
fluorapatite to 8,8. Thus, the concentration 
of phosphate in equilibrium with fluorapatite 
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at pH7 would be considerably less than that 
in equilibrium with variscite at pH4," 
A very considerable problem in attempting to interpret 
solubility measurements of phosphate reactions in soil is 
emphasized by these authors, namely, that the rates of dis­
solution and precipitation of the crystalline substances 
postulated in their solubility diagram are, in many cases, 
very slow. 
Lindsay and Moreno (i960) pointed out also that in a 
recently limed soil the increase in pH accompanying liming 
results in precipitation of amorphous aluminum hydroxide. 
As long as the amorphous form persists, the soil will remain 
supersaturated with respect to glbbsite. The Al*** activity 
in solution hence will exceed that in equilibrium with glbb­
site, and the variscite solubility will be decreased. 
Similarly the Increases in Ca** activities in solution that 
occur on liming acid soils will decrease the solubility of 
the calcium phosphates, 
Lindsay and Moreno (i960) emphasize that their solu­
bility studies show that fluorapatlte, hydroxyapatlte, 
strenglte and variscite attain equilibrium with solution very 
slowly. Thus, changes in a soil necessitating either dis­
solution or precipitation of any of these compounds would 
require considerable time for the new equilibrium conditions 
to become established. These authors considered that only 
the most soluble phosphate compounds (such as the dicalclum 
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phosphates and possibly oetacalcium phosphate and the more 
soluble alkali or an ammonium iron and aluminum phosphates) 
dissolve or precipitate fast enough in soils to govern the 
phosphate activity in solution. Because these compounds are 
all metastable under ordinary soil conditions, they slowly 
dissolve as the more insoluble ones, such as hydroxyapatite, 
fluorapatite, strengite, variscite, and perhaps others not 
yet known, slowly precipitate. 
Huffman (1962) similarly pointed out that most of the 
calcium, iron, and aluminum phosphates formed from water-
soluble phosphates in soils are transient products instead of 
end products. He tabulated data on the solubility and initial 
rate of solution of various calcium, iron, potassium and 
ammonium phosphates and pointed out that a fair correlation 
exists between these properties and the value of the com­
pounds as sources of phosphorus for plants. From the view­
point of the results reported in this thesis, it is note­
worthy that the relative initial rates of solution of 
strengite and variscite increase slowly between pH4 and 7. 
The research Huffman (19^2) reviewed showed that many 
of the metastable compounds dissolve incongruently and that 
as a result the surface may be coated by new phases formed 
during the dissolution. The initial rates of solution of the 
dicalcium phosphates were proportional to the surface areas, 
and these rates were in the same relative order as the solu-
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bilitles of the materials. The situation was different with 
the complex iron and aluminum phosphates. With these sub­
stances, incongruent dissolution occurred, and amorphous iron 
and aluminum phosphates were deposited. These amorphous 
phases generally had mole ratios of P to Pe or A1 in the 
ï-ange 0,8 to 1.2, The initial ratios in these residues 
usually decreased with increasing pH, which indicates in­
creasing hydrolysis with elevation of pH, 
The very considerable effect of surface area and time on 
the solubility of complex iron phosphates was also discussed 
by Huffman (1962), Strengite, of surface area 12m^/g was about 
twelve times more soluble than strengite of surface area 
0,8m^/g after 4o hours in water at 25°C. The rate of solution 
of amorphous ferric phosphate (surface area, 12m^/g) was 
three times that of strengite with the same surface area. 
After 170 days the difference was 12-fold, Also of note is 
the fact that neither material reached an equilibrium in 170 
days. This observation may be relevant to work reported in 
this thesis in which time of incubation of soil with calcium 
carbonate was 105 days. 
Effect of pH on Calcium Phosphate 
This effect may be visualized in terms of the following 
conventional equation involving hydroxyapatite; 
8 
Ca^o(OH)2(ï'0^)6 20H* = lOCa** + 2H0H + ÔHPO^. 
+ 
This equation emphasizes the importance of both H and OH 
ion activity. Calcium phosphates in general dissolve as the 
pH decreases because of the tendency of the H* ions to 
associate with phosphate ions. With hydroxyapatite the 
additional tendency exists for hydrogen ions to associate 
with hydroxyl ions supplied by the phosphate compound. 
Gaarder (1930) found that the solubility of phosphate in 
a calcium phosphate suspension reached a minimum at pH 6,5 
but that there was little change from pH 6.5 to pH 11. Benne 
et al. (1936) found a minimum solubility for precipitated 
calcium phosphate at pH 7.5 and no increase in phosphate 
solubility up to pH 12, Teakle (I928), however, noted a de­
creasing solubility of precipitated calcium phosphates as the 
pH was changed from 6 to 10. 
Benne ejb al, (1936) added CaCO^ to dilute phosphoric 
acid solutions and studied the phosphate solubility with 
change in pH. The solubility was at a minimum at pH 7.5, 
increased between pH 7.5 and 10, and decreased above pH 10. 
Olsen (1953) suggested that some of the above effects are re­
lated to the presence of 00^ j which by the common-ion 
effect would repress Ca** activity. 
The experimental soils used in the work reported in this 
thesis contain only small amounts of calcium phosphates, and 
hence the effect of pH on them may be relatively less 
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important than on the dominant aluminum and iron phosphates. 
Effect of pH on Organic phosphorus 
Because approximately 50^ of the phosphorus in the ex­
perimental soils was found to be in organic forms, the 
effects of changes in soil pH on the organic phosphorus in 
the work reported may be significant. 
Black and Goring (1953) summarized the state of knowledge 
up to 1953. The discussion here is based largely on that re­
view and on more recent work. 
The effect of pH on organic phosphorus has been studied 
in two ways; (1) adding calcium carbonate to acid soils and 
noting the changes in organic phosphorus during subsequent 
incubation of the soils and (2) inferring the stability of 
organic phosphorus relative to that of nitrogen and carbon at 
different pH values from the relative quantities of the con­
stituents present in a group of soils differing naturally in 
pH. 
The effect of liming 
The work of Damsgaard-Sjz^rensen (1946), Kaila (1948), 
McConaghy (i960), Ghanl and Aleem (1943), Halstead et al. 
(1963), Awan (1964a, 1964b) and Kaila (1965) suggests that the 
usual effect of liming is to Increase the rate of minerali­
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zation of organic phosphorus. However, Kalla (196I), In 
another study, found that addition of CaCO^ to soils and 
Incubation at 20°C for 7 months did not Increase the amount of 
organic phosphorus mineralized. Black (1968) suggests that 
the effect of soil pH on organic phosphorus mineralization 
may be accounted for by the theory that raising the pH reduces 
the sorption of organic phosphorus compounds by hydrous oxides 
and hence Increases their solubility and susceptibility to 
mineralization, 
pH and organic phosphorus in unllmed soils 
Thompson, Black and Zoellner (1953) found that minerali­
zation of organic phosphorus in 50 soils of the U.S, in­
creased markedly with pH during incubation at 4o°C, 
Schachtschabel and Heinemann (1964) noted a 10^ decrease in 
organic phosphorus as the pH Increased from pH 5.3 to 7,5 in 
a series of German loess soils. These results, taken with 
the liming effects already discussed, would suggest that in­
creasing the pH of acid soils tends towards mineralization of 
organic phosphorus. However, Martinez de Pancorbo and Lucena 
Conde (i960) found that organic phosphorus Increased with pH 
in some Spanish soils. Because In a group of soil samples 
selected for study the content of organic phosphorus may 
either Increase or decrease with increasing pH, depending on 
factors that Influence the content of organic matter, Thompson 
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^ al, (1953) investigated the ratios of organic carbon and 
nitrogen to organic phosphorus. They found that the ratios 
increased with soil pH, which verifies that the stability of 
organic phosphorus, relative to that of organic carbon and 
nitrogen, decreases with increasing soil pH. 
One important aspect of the mineralization of organic 
phosphorus is the carbon - nitrogen - phosphorus content of 
the organic material being mineralized. Black and Goring 
(1953) pointed out that initial mineralization of organic 
phosphorus in organic.materials added to soils is likely to 
occur if the ratio of organic carbon to organic phosphorus 
is below 200 (0.2# organic phosphorus) and immobilization if 
the ratio is above 300 (less than 0.13/^ organic phosphorus), 
Stanford and Pierre (1953) also have emphasized the phos­
phorus content of the organic material being mineralized and 
referred to work by Papadakis (194%), wherein straw added to 
soil depressed plant growth, presumably due to the immobili­
zation of inorganic soil phosphorus by microbial action. The 
ratio of organic carbon to organic phosphorus in soil organic 
matter is often quoted as being roughly 100, which is in the 
range in which mineralization of organic phosphorus occurs in 
added organic materials. When measurable changes in content 
\ 
of organic phosphorus in soils do take place during in­
cubation, the result is almost always a decrease, indicating 
mineralization and not immobilization. 
Thé significance of soil organic phosphorus in the phos­
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phorus nutrition of plants is still controversial. Black and 
Goring (1953) quoted work by Chirikov and Volkova (1941) and 
Williams (1950) indicating that organic phosphorus is of 
little or no importance. However, the work of Eid, Black and 
Kempthorne (1951, 1953), van Diest and Black (1959) and 
Thompson (196?) would suggest that organic phosphorus may be 
of significant value. 
Aluminum and Phosphorus Nutrition 
High concentrations of aluminum in the soil solution 
affect the phosphorus nutrition of plants in several ways. 
First, growth of roots is stunted. Second, the concentration 
of phosphorus in solution is low. Third, aluminum enters the 
roots and seemingly inactivates some of the phosphorus ab­
sorbed by the roots. Wright (1943) and Wright and Donahue 
(1953) pointed out that the typical phosphorus deficiency 
symptoms noted in plants on acid soils could be accounted for 
by immobilization of phosphorus by aluminum within the root 
tissue or conducting elements. Similarly, Foster and Russell 
(1958) found that if the concentration of ferric iron was 
high, the proportion of phosphate taken up by plant roots that 
was translocated to the leaves was reduced. 
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pH and Ionic Form of Orthophosphate 
This effect of pH involves both soil and plant and has 
to do with the ionic form of orthophosphate. Orthophosphate 
may exist in solution as H^PO^, HgPO^", HPOj^ and PO^j^ , 
HgPO^ predominates in strongly acid solutions and PO^^ in 
strongly alkaline solutions, but the proportion of these two 
forms is negligible within the pH range from 5 to 9. Table 1, 
taken from a paper by Olsen (1953)j shows the proportion of 
phosphate ions in solution per 100 moles of dissolved phos­
phate. 
Table 1. Ionic forms of phosphate in solution at different 
pH values 
Percentage of total phosphate in solution in 
different Ionic forms at indicated pH values 
5 6 7 7.2 8 9 
Moles HgPO^" 99.3 94.1 61.3 50 13.7 1.5 
Moles HPO^*"" 0.6 5.9 38.7 50 86.3 98.4 
As early as 1932, McGeorge and Breazeale (1932) found 
that phosphate absorption by wheat from nutrient solution 
decreased at pH values above 7. They attributed the effect 
to a decrease in HgPO^". 
Similar results were obtained by Pratt and Thorne (1948) 
with tomatoes. These workers suggested that the root mem­
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branes became less permeable to phosphate at high pH values. 
Arnon, Fratzke and Johnson (1942) found no distinct trend 
in absorption of phosphate in the pH range 4 to 8 but observed 
a marked decrease at pH 9, which they suggested might be due 
to both the ionic form of the phosphate and an influence of 
OH" ions on absorption, Overstreet and Dean (1951) suggested 
that plant roots absorb anions, such as phosphate, in ex­
change for OH" and HCO3". This proposed mechanism is in 
agreement with the observed decreases in phosphate uptake 
with an increase in hydroxy1-ion concentration. 
Hagen and Hopkins (1955) proposed the theory that plants 
absorb phosphorus as H^PO^^" and HPO^^^ , the two ions being 
attached to distinct carrier sites on the roots. Uptake of 
both ions is inhibited in a competitive manner by hydroxyl. 
The authors showed how the theory would account for their 
data on uptake of phosphorus by roots from solutions at 
different pH values and phosphorus concentrations. They 
found that uptake of phosphorus generally decreased with an 
increase in pH, being less than 1/4 as great at pH 7.7 as at 
pH 5.0, even though the total phosphorus concentration re­
mained constant. Because the phosphorus in solution is 
present principally as HgPO^" at pH 5.0 and as HPOj^ at pH 
7.7, the pH effect indicates that HgPO^" was taken up more 
readily than HPO^ , 
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Reactions of Phosphate with Calcium Carbonate 
It has been long and well established that solid-phase 
calcium carbonate depresses the solubility of phosphate rock. 
Apart from this, however, it might be expected that solid-
phase CaCO^j would also adsorb phosphate ions from solution 
onto its surface. As pointed out by Olsen (1953), the nature 
of the surface of the calcium carbonate may be such that the 
phosphate ions fit well on the surface of the crystals, 
Boischot ^  al, (1950) studied the reaction of dilute phos­
phate solutions with CaCO^ and found that the initial re­
action was an adsorption of the phosphate on the surface of 
CaCOg particles rather than a precipitation of an insoluble 
phosphate as a separate phase. The amount of phosphorus ad­
sorbed was a function of the fineness of the caco^ particles. 
When the molar concentration of phosphate added as Ca(H2P0^)2 
exceeded approximately 5 x lo"^ at pH 8.3 to 8.5, pre­
cipitation did occur. Similar studies by Olsen (1953) con­
firmed these observations. 
Calcium Carbonate as a Salt 
Although CaCO is fairly insoluble (approximately 1.5 x 
10~ M in cold water) the solubility in water containing 
carbon dioxide increases to approximately 0.l4 (Chemical 
Rubber Publishing Co., I96I - I962). Because of this. 
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CaCOg in soils might be expected to have at least some of the 
attributes of a soluble salt. There are numerous references 
to the depressing effects of soluble salts on phosphorus 
solubility. 
Lehr and Wesemael (1952) presented results with various 
Dutch soils showing that phosphate solubility decreased with 
increasing concentration of neutral salts, the depressing 
effect increasing in the order Na K cT.'Mg -C Ca, 
Karlsson and Mattson (19^0) and Mattson al, (1949, 
1951), in a series of papers on the electro-chemistry of 
soils and the phosphate relationships of soils and plants, 
found that neutral salts depressed the solubility of aluminum 
phosphate at pH values above its isoelectric point (pH 5) but 
that the salts increased the solubility at pH values below 5* 
Later work showed that a similar effect occurred with am­
photeric calcium phosphates. At low pH values the phosphate 
solubility was greater in salt solutions than in water. The 
solubility of the calcium phosphates studied in water was at 
a minimum at pH 7* which is close to the isoelectric point 
of these phosphates. They explained their results on the 
basis of a Donnan distribution of the ions between the 
solution and the active surface layer of the calcium phos­
phate compounds. On the alkaline side, where the complex 
forms a cation atmosphere, the solubility in water increases 
as a result of the Donnan distribution, according to which 
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outside >» [jIPO^"J inside. This distribution is sup­
pressed by neutral salts and leads to a lower phosphate solu­
bility, On the acid side of the isoelectric point, the ion 
atmosphere is dominated by anions, and the effect of salt is 
that of anion exchange and a suppression of the activity co­
efficient, both of which lead to a higher phosphate solu­
bility, They found that calcium chloride had a suppressing 
effect on phosphate solubility in all concentrations at all 
pH values, indicating that precipitation of a calcium phos­
phate was the dominant reaction. In the presence of calcium 
carbonate in soils, they surmised that the precipitation re­
actions would be dominant. As emphasised by Olsen (1953); 
their results indicate that the total salt effect on phos­
phate uptake by plants is composed of at least two important 
factors: (1) the effect on phosphate solubility in the soil, 
as already discussed, and (2) the effect of the salt on the 
root membranes. 
Rate of Reaction of Calcium Carbonate with Acid Soils 
The effects of calcium carbonate on acid soils are 
closely related to the rate of reaction, A key factor is 
the particle size of the calcium carbonate. Particles small 
in size possess a greater specific surface area and react more 
rapidly than do coarse particles. Barber (196?) summarized 
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Information available on this subject. He proposed that the 
interaction of acid soils with limestone proceeds in the 
following manner. The limestone particles immediately begin 
to react with the soil according to the equation, 
acid soil + CaCO^ Qa-soil + Ca(HC02)2 + H2CO2 
The HgCO^ decomposes to HgO and COg, and the excess COg is 
lost by volatilization. Exchangeable H and A1 are replaced 
by Ca, A concentration gradient is established around the 
limestone particles, which causes Ca to diffuse into the 
surrounding soil. The dissolution of the particle is affected 
both by (1) the rate of solution of the particle, which is 
highly sensitive to pH, and (2) the rate of diffusion of Ca 
away from the particle surface. 
The rate at which the soil mass is affected by added \ 
calcium carbonate depends on the distance the diffusing Ca 
must move before the zones of neutralization around individual 
particles over,lap. The rate of Ca diffusion in soils is very 
slow, DeTurk (1938) found that the maximum detectable dis­
tance calcium diffused into an acid soil from a large piece 
of limestone was 0,6 cm in 26o days, 
Ca may move away from limestone particles by mass flow 
in water as well as by diffusion; however, the amount of cal­
cium in solution in acid soils is usually small. Barber et 
al. (1963) found the calcium content of this water was fre­
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quently about 30 ppm. If the content of water is 23 ml per 
100 g of dry soil, about 0.75 mg of calcium would be in 
solution. This amount is equivalent to only a small portion 
of the calcium added to the soil in the various treatments 
in work reported in this thesis. 
Both diffusion and mass flow will contribute to the 
total movement of calcium from limestone in acid soils under 
natural conditions, Swartzendruber and Barber (1965) found 
the following values for reduction in diameter of limestone 
particles in microns per week: 8.28, 2.94 and 4.70 for 
particles of 80 to I50, 100 to 200, and 100 to 200 mesh size 
during reaction periods of 12, 12 and 5 to 7 weeks, re; -
spectively. This gives an average value of 5 microns per 
week and would suggest that particles of 20 mesh size would 
be completely dissolved within 4 weeks. 
Walker (1952) suggested that two to three times as much 
limestone is required to raise the pH of the soil in the 
field as would be calculated from the results of uniform mix­
ing in the laboratory. Heterogeneity of soil characteristi­
cally follows liming for a considerable time even where 
thorough mixing is attempted by various tillage operations, 
Hutcheson and Freeman (I965) noted that 6 weeks after 
"thorough" mixing there was still a large amount of unreacted 
CafOHjg, Slow reaction rate in the field is probably one of 
the reasons why limestone is usually added at least 2 to 3 
months prior to planting. Adams and Pearson (1967) state 
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that maximum soil pH is usually not attained in cultivated 
fields until 2 to 3 years after liming because of the diffi­
culty of mechanical manipulation of soil to give a homogenous 
mixture of soil and limestone. 
Overliming Injury 
It had been well established by 1935 that the use of ex­
cessive amounts of calcium carbonate on certain soils could 
cause detrimental effects on plant growth, at least tempo­
rarily, In that year, Pierre and Browning (1935) published a 
report on the temporary injurious effect of excessive liming 
on some acid West Virginia soils. They referred to these 
injurious effects as "overliming injury" and noted that in­
jurious effects could be attributed to a deficiency of 
soluble manganese in four previous studies and to a deficiency 
of iron in three other studies, all carried out during the 
period 1920 to 1933. A chlorotic condition of the plants was 
observed in these seven studies. There were four reports, 
however, in which chlorosis had not necessarily accompanied 
decreased yields (Hockensmith e;t al,, 1933; Midgley, 1932; 
Midgely and Weiser, 1934; and Scarseth and Tidmore, 1934), 
and the cause for the overliming injury had not been well 
established. Pierre and Browning (1935) quoted five reports 
indicating that liming Increased phosphate solubility in soils 
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and four reports (Ames and Schollenberger, 1924; Bauer, 1934; 
Hockensmlth et al., 1933; and Kllng and Engels, 1933) with 
conflicting data on the point. 
Midgley (1932) reviewed the general subject of overlim-
ing injury. He found that large additions of organic matter 
or of calcium silicate were effective in reducing the injury. 
Experiments at the West Virginia Experimental Station in 
1930 showed that liming acid pasture soils to pH 6,0 de­
pressed the yield of herbage (Pierre and Browning, 1935), 
Alfalfa grown in tile containers in the field yielded 29^ 
less where the soil was limed to pH 7.2 than where it was 
limed to pH 6.0. There was no depression in growth after the 
first year. 
Pierre and Browning found a considerable depression in 
alfalfa yield at about pH 7 after addition of precipitated 
calcium carbonate to acid soils with initial pH values of 
about 4.5. The soils were incubated in a moist condition 
with the CaCO for 5 months. In the first year, the depress-
3 
ing effect of calcium carbonate was less pronounced with the 
second and third cuttings of alfalfa than with the first. In 
the second year, the decrease in yield due to liming was less 
pronounced than it was in the first year, Pierre and Browning 
(1935) therefore emphasized the temporary nature of the 
"overliming injury", in agreement with Midgley (1932) and 
Scarseth and Tidmore (1934). 
In a second experiment, Pierre and Browning (1935) found 
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that magnesium had a moderating effect on the "overliming 
injury". In a third experiment it was found that the "over-
liming injury" was not associated with a lower concentration 
of water-soluble PO^ in the soil extract. The "overliming 
injury" was largely overcome by addition of large amounts of 
phosphate or other soil amendments (silica gel, calcium sili­
cate) that increased the water-soluble phosphorus in the soil. 
Substitution of magnesium carbonate for some of the calcium 
carbonate diminished the injury. Although no precise ex­
planation could be offered by Pierre and Browning for the 
injurious effects, they did emphasize that the immediate 
effect of liming on phosphorus availability could be different 
from the ultimate effect, 
Karraker (192?) noted a delayed effect of limestone in 
increasing the growth of alfalfa in two soils of Kentucky, 
The interval ranged from a few weeks to about 2 months, 
depending on the soil. With one soil (Berea), the yield was 
depressed by the Initial addition of limestone. 
Effects of Liming on Phosphorus in Organic Soils 
Reports of research on organic soils show that calcium 
carbonate does not always have a beneficial influence on 
phosphorus availability and often causes a decrease in crop 
yields, Hoffman and Frercks (l955a, 1955b), on the basis of 
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many Investigations on muck soils and 5 years of experi­
mental work in Germany, concluded that pH 3.2 for field crops 
and pH 3.7 for grassland is sufficient in muck soil for 
maximum yield. This conclusion diverges considerably from 
views expressed by Salter and Barnes (1935) and Truog (1953) 
that pH 7 is optimum for availability of both native and 
applied phosphorus in mineral soils, 
Porsee (1951) found that maximum growth of celery on 
Everglades (Florida) muck soils occurred when the pH was ad­
justed downward to 5.5. Lawton and Davis (195^) found that 
calcium carbonate depressed yields of corn on Rifle peat 
(Michigan) and that successive increments of-calcium car­
bonate caused considerable depressions in phosphorus contents 
of corn, field beans and Sudan grass. These workers ascribed 
the depressing effects to a decrease in the proportion of 
HgPO^" to HPOj^ ions in the soil solution, an effect already 
discussed in a previous section. Similar results were re­
ported by Anttinen (1959) in his experiments with muck soils 
in Finland, where liming caused a considerable reduction in 
yield of oats. In Poland, Palkowski (1958) concluded that 
liming decreased phosphorus availability in muck soil. 
In Finland, Puustjarvi (1956) found that liming decreased 
soil phosphorus availability in a field experiment with hay as 
a test crop. Okruszko et aJ, (19^2) found that liming greatly 
reduced the solubility of native and applied phosphorus in 
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six Indiana organic soils. Total phosphorus uptake was 
greatly reduced because of lower yields of dry matter and 
lower percentage contents of phosphorus in the plants on 
limed soils. Liming generally decreased water-soluble phos­
phorus in these soils. 
Of particular interest and relevance to this investi­
gation is a report from Norway by Sorteberg (1963), who noted 
that the response to lime varied considerably with time. In 
pot experiments with organic soils, liming with 6 to 12 tons 
of CaO per hectare, producing pH values of 6,5 to 8, caused 
considerable depression in crop yields, especially in the 
second year after application. He attributed the effect to 
marked phosphorus fixation caused by the liming. In a 
further experiment with three organic soils, Sorteberg and 
Dev (1964) found that the phosphorus content of oats de­
creased markedly with increasing rates of lime. The depress­
ing effect of lime extended over 2 years. It is not clear, 
however, whether micronutrients were included in the nutrient 
solution used in this work. These workers, like the Michigan 
workers mentioned earlier, invoke the HgPO^j^ : HPO^^ ion-
ratio explanation to account for their results. 
In Finland, Sillanpaa (196I), in an extensive study of 
an acid muddy clay soil, found that liming did not have any 
clear effect on the phosphorus solubility. This soil 
differed from the other soils discussed in this section by 
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being an acid sulfide soil. 
In general, it appears that liming organic soils may 
depress phosphorus availability. 
Phosphate Potential and phosphorus Soluble in 
Calcium Chloride Solution 
Schofield (1955), In a classic paper, introduced the 
concept of phosphate potential in soils after observing that 
"agricultural chemists have had only partial success in 
attempting quantitative estimation of the amount of phosphate 
in a soil which should be regarded as "available". It seems 
reasonable to suppose that the availability of soil phos­
phate is mainly determined by the appropriate chemical 
potential and by its rate of decrease with phosphate with­
drawal". He noted that order was brought into the study of 
water in soils when the concept of chemical potential or 
free energy was recognized. His phosphate potential was an 
attempt to do the same for phosphorus in soils. He proposed 
that the phosphate potential be measured by measuring the pH 
and total phosphate concentration in a dilute calcium 
chloride solution which had come to equilibrium with the soil. 
He proposed that the term ipCa + PH2PO4 serve as an index of 
phosphate availability in the same way that pP serves as an 
index of availability of soil water. He foresaw experimental 
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difficulties in measuring this potential. Since 1955 a con­
siderable amount of work has been reported on phosphate 
potential and the soil phosphorus soluble in O.OIM CaClg 
solution. Some of the work is open to question because of 
the experimental techniques used. 
One problem is that of separation of true solution. The 
phosphorus concentrations in calcium chloride extracts are 
usually extremely low; hence, a few solid particles might 
contribute enough dissolved phosphorus, when the acid molyb-
date solution is added for phosphorus determination, that 
substantial errors might result. Pordham (I963) centrlfuged 
the soil extract at 3000 rpm for 3 minutes to remove sus­
pended particles and obtained a clear supernatant solution. 
This treatment may not have removed all of the particulate 
phosphorus, Blakemore (1966) used filtration but did not 
describe the method of filtration. Garbuchov (I966) used two 
Whatman No, 1 filter papers. These papers are designed for 
medium precipitates. They are likely to have pore diameters 
in excess of 5 microns and hence to allow particulate phos­
phorus to pass through, 
A second problem is that of equilibration of soil with 
0,01KC:aCl2. Manual shaking for I5 minutes (Blakemore, 1966; 
Garbuchov, 1966) is probably not satisfactory. In 8 out of I8 
recent studies, the shaking method was not stated. It is 
difficult to see how a contact period of 30 seconds (Pordham, 
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1963) can be achieved, using the usual filtration methods, 
and it is open to serious question whether equilibrium was 
achieved. In at least one case, the equilibration time was 
not specified. 
According to Beckett and Fordham (I96I), temperature of 
extraction is critical, As^&ng (1964) pointed out that phos­
phate potentials increase by 1^ to 2$ per degree increase in 
temperature, Larsen (1967), in a recent review, also dis­
cusses the difficulties in measuring phosphate potential. 
Oke (1965) leached each of four soils from Nigeria with 
twelve equal volumes of O.OlM CaClg and determined organic 
and inorganic phosphorus in each volume of leachate. The 
earlier fractions contained appreciable amounts of phos­
phorus, but the concentrations dropped sharply to a constant 
level. Approximately 75 to 95^ of the phosphorus in the 
first fraction from each soil was organic. This observation 
agrees with earlier work by Pierre and Parker (1927). The 
work by Hannapel (1964) has shown that much of the organic 
phosphorus thought to be in solution could be removed by 
filtration and centifugation, thus suggesting that this 
portion is present in microbial cells and colloidal debris. 
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Effects of Liming on Phosphorus in the Soil Solution 
A considerable amount of work on the composition of the 
displaced soil solution was done during the 1920's and 1930's. 
Pasteur-Chamberland filters were used at first, and these 
gave way to dialysis through collodion membranes. The 
introduction of micropore filters, with average pore dia­
meters as small as 0,2 microns, during the 1950's and 196o's, 
was a further advance in separating phosphorus in solution 
from particulate phosphorus. In 1924 Deniges' sensitive 
molybdenum-blue method was first used to measure the ex­
tremely small quantities of phosphorus in soil solutions. 
This method made it possible to measure 0.02 ppm PO^^ in 100 
ml of soil solution. A further and more recent advance is 
the development of the alcoholic extraction technique to 
concentrate the phosphorus in solution. Watanabe and Olsen 
(1962) suggested the use of iso-butanol, and Wild (1964) 
recommended iso-amyl alcohol. 
Parker and Tidmore (1926) and Pierre and Parker (192?) 
studied the phosphorus in displaced soil solutions. Parker 
and Tidmore (1926) evaporated the dlalyzed soil solution, 
ignited the residue and took it up with acid before esti­
mating the phosphorus. This procedure would now be expected 
to yield a value for the sum of the dissolved inorganic in 
view of present day knowledge, organic phosphorus. In their 
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work on soil extracts, phosphorus was estimated In the un-
evaporated soil extract. Their results generally showed 
that liming increased the phosphorus in the displaced soil 
solution, and this increase persisted through the first, 
second, third and fourth increments of displaced solution, 
Burd and Martin (1923) concluded that a high calcium 
content of the soil solution depressed the solubility of 
phosphorus. They observed that in some instances the phos­
phorus concentration of the second, third, fourth and later 
increments of the displaced soil solution exceeded that of 
the first increment, . They considered that the increased 
phosphorus solubility was due to a reduction in the salt 
content of the successive portions of the displaced soil 
solution. They considered that salts, particularly calcium 
salts, would reduce the phosphorus solubility, Parker and 
Tidmore (1926) adopted the same viewpoint. These workers 
considered that two factors determined the phosphorus con­
centration in the soil solution; (1) the amount and nature 
of the phosphorus compounds in the soil and (2) the amount 
and composition of the salts in the solution or extract. 
These viewpoints agree with those of Prianishnikov (1911), 
who applied calcium carbonate to sand cultures and noted the 
effects on uptake of phosphorus by various crops, 
Parker and Tidmore (1926) concluded that 
"the data secured do not indicate a close 
correlation between the phosphorus content 
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of the soil solution and the availability of 
the phosphorus in different soils. In fact, 
the data indicates that the phosphorus content 
of the water extract is in some instances a 
better criterion of phosphorus availability 
than the phosphate content of the soil 
solution. It is evident, therefore, that the 
phosphorus content neither of the soil 
solution nor of the soil extracts is a good 
indicator of the relative availability of 
phosphorus in different soils. There is 
apparently another factor or group of factors 
influencing phosphorus availability that as 
yet has not been thoroughly studied or 
measured," 
The final sentence in the quotation still holds true 42 years 
later, 
Parker and Tidmore (1926) also noted that the phosphorus 
content of the soil solution in bulk is extremely low. They 
inferred that plant roots probably obtain most of their phos­
phorus from a solution at the surface of soil particles and 
that the phosphate concentration of this solution may be con­
siderably higher than that of the remainder of the soil 
solution. 
Pudge (1928) found that liming an acid soil to pH 6,3 
increased tenfold the phosphorus concentration of the dis­
placed soil solution. 
Larsen (I967), in a recent review, has drawn attention to 
the fact that phosphorus forms soluble complexes with many 
metallic ions. He surmises from this that at least part of 
the phosphorus in the soil solution is complexed. He 
tabulated the stability constants of twelve phosphate com­
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plexes with Ca, Na, K, Mg, Mn, A1 and Pe that are likely to 
occur in the soil solution. Although there is no in­
formation available concerning soluble phosphorus complexes 
in the true soil solution, Larsen (196?) surmises from the 
high stability constants of the aluminum, iron and calcium 
complexes, that the bulk of the phosphorus in the soil 
solution may not be present as the two ion species, HgPO^" 
and HPO^ . The question of complex formation may be im­
portant in the work reported in this thesis in view of the 
information obtained on aluminum, manganese and iron. If 
complex formation is important, as Larsen thinks, then liming 
probably has a considerable effect on the chemical form of 
phosphorus in the soil solution. Unfortunately there is no 
information on the availability of these complexes to plants. 
There is little evidence that the phosphorus con­
centration of the soil solution conforms to solubility-
product principles (Larsen 1967). It appears to be difficult 
to decide what phosphorus compounds are governing the phos­
phorus in solution. Earlier views that the simple solubility 
products of variscite and strengite in acid soils and hydroy-
apatlte in calcareous soils regulated the phosphorus in the 
soil solution are being shown to be too simple because of the 
incongruent dissolution, discussed in an earlier section, and 
complex formation. 
Apart from the phosphorus sources releasing phosphate 
ions to the soil solution, one must also consider adsorption 
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phenomena. Presumably liming affects both processes, and 
hence the net effect can be complex. 
Larsen (I965) postulated that calcium forms a soluble 
complex CaHPOij, with HPO4 at higher pH values. This 
possibility is relevant to the work reported here. As 
calcium carbonate was applied to the experimental soils, the 
Ca** concentration in the soil solution would increase, and 
the ionic species would dominate. If these ionic 
species tended to form a CaHPO^ complex, it could withdraw 
HPO^i from the available pool of phosphorus in the soil 
solution. 
The effects of changes in pH on the ionic forms of 
phosphate in solution have already been discussed. These 
effects can be of considerable importance for plant uptake 
because it has been known for a long time that plants do not 
absorb each form equally. In 1933, van den Honert, working 
in Java, found that sugar cane and maize were unable to 
absorb the HPOji^ ion. Van den Honert et al, (1955) con­
firmed these findings. Olsen (1950, 1953) working with 
Helodea canadensis and rye found that the rate of uptake of 
HPO^ ions from nutrient solutions was only I/5 to 1/4 that 
of uptake. 
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pH, Liming and Roots 
Many different physiological processes regulate the 
amounts and proportions of the mineral elements accumulated 
by plants. One effect may come about through altering the 
soil micro-environment immediately external to the roots 
(Jackson, 196?). Other processes affect the entrance, accu­
mulation and translocation of ions in the roots and vascular 
systems. 
It has been well established that plants cause changes 
in acidity in the rhizosphere; hence the availability of 
nutrient elements in the soil zone immediately adjacent to 
roots may be substantially altered. 
In addition, oxidation - reduction properties have been 
suggested for plant roots. These may have considerable 
effects on the availability and uptake of iron and manganese, 
to be discussed in a later section. 
Root exudates presumably influence nutrient availability 
in the regions surrounding plant roots by (1) stimulating 
microbial activity and (2) forming complexes with some of the 
mineral elements and heavy metals, thereby facilitating their 
subsequent absorption. In addition, enzymes exuded by roots 
may enhance the decomposition of organic phosphorus com­
pounds (Rogers et al., 19^0; Reuszer, 1962). 
The tendency for leakage of organic materials from root 
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tissue is increased under conditions of high acidity. 
Jacobson et al. (1950) noted a sharp increase in loss of 
organic phosphorus compounds from barley roots as solution 
acidity was increased below pH 4. 
When acid soils are limed there may be significant 
changes in the yield and distribution of roots. This intro­
duces a complicating factor into the present study. The ex­
perimental results in the present work, to be discussed later, 
show that liming generally increased the yield of roots 
separable from the soil. It is difficult to distinguish the 
effects of liming on the soil phosphorus per se (and hence on 
phosphorus uptake) from changes in phosphorus uptake due to 
more Intensive exploration of the soil mass by a larger root 
system. It may be appropriate at this point to point out the 
possibility that beneficial effects of liming acid soils 
ascribed in the past to increases in soil phosphorus avail­
ability may have been due to Improved rooting and hence more 
intensive exploration of the soil. This difficulty in inter­
pretation of previous results is particularly acute where 
root studies were not Involved, as in most field experiments. 
Reports of Detrimental Effects of Liming on Phosphorus 
Availability 
Perkins et al. (1939) found that small amounts of 
calcium carbonate added with phosphate decreased the growth of 
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wheat on phosphorus-deficient acid soils and decreased phos­
phorus absorption; larger applications reversed the behavior, 
McGeorge (1939) found that calcium carbonate and calcium 
hydroxide reduced the absorption of phosphorus by plants from 
Arizona soils. This observation is not entirely unexpected in 
view of the high pH of most Arizona soils, 
Karraker et al, (I94l), in greenhouse studies involving 
9 plant species and 10 Kentucky soils, found that liming 
materially decreased the availability of phosphate rock and 
colloidal phosphate and slightly decreased the availability 
of tricalcium phosphate. 
Vanderford (19^0), in a greenhouse study in which he 
added calcium carbonate equivalent to 0, 25, 50, 75 and 100^ 
of the tltratable hydrogen in an acid (pH 4,7) silt loam soil 
from Mississippi, found that the phosphorus content and total 
yield of phosphorus in soybeans and sweet clover decreased 
with Increasing quantities of calcium carbonate. The opposite 
effect occurred with Korean lespedeza. This experiment, in 
layout, resembles the experiments reported later in this 
thesis. 
In Alabama, Naftel (l937a, 1937b), in a greenhouse study 
of eight acid soils in which 0, 25, 50, 75 and 125# of the 
calcium sorption capacity was satisfied, found that the phos­
phorus content of plants decreased with increasing increments 
of calcium carbonate added to soils of coarse texture. The 
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depressing effect was less pronounced on clay loam soils. 
Phosphorus soluble in 0.002N HgSO^ (Truog, 1930) increased 
almost linearly with increasing additions of calcium 
carbonate, the soils in the 12$^ treatment releasing twice as 
much phosphorus to 0,002N HgSO^ as did the unlimed soils. In 
this case there was obviously a negative correlation between 
the phosphorus content of the plants and the phosphorus ex­
tracted from the soils in the laboratory, Naftel (1936) em­
phasized also that the effect of calcium carbonate varied con­
siderably with the soil, the chemical composition of the soil 
colloids being important. He noted that the depressing effect 
of CaCOg was associated with soil colloids of high SlOg/RgO^ 
ratio, Naftel also titrated phosphoric acid against calcium 
hydroxide and found that the phosphorus in solution decreased 
by about 75^ as the pH of the solution increased from pH 3,00 
to pH 6,5, 
In another Alabama study of acid soils of fine texture in 
the greenhouse, Scarseth and Tidmore (1934) found that 
"calcium carbonate greatly decreased the availability of 
readily soluble phosphates and the crop (sorghum) yield when 
applied immediately before planting," The depressing effect 
diminished with time, in agreement with the findings of Pierre 
and Browning (1934) previously discussed. The photographs of 
sorghum in pot cultures in their paper show the effects of a 
considerable interaction between calcium carbonate and phos­
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phate. These workers suggested that the depresslonal effects 
of calcium carbonate on phosphorus availability are due to 
the formation and precipitation of insoluble tricalcium phos­
phate, 
Scarseth (1935) also observed the depressing effects of 
calcium carbonate on phosphorus availability. He suggested 
that the effect is likely to occur only in soils relatively 
low in sesquloxldes, 
Aslander (195^) considered liming to be inefficient in 
Increasing phosphorus availability, in acid soils. According 
to his views the beneficial effects, if any, may be ascribed 
to the promotion of organic matter decomposition and the 
formation of certain organic fractions which are likely to 
Increase the solubility of soil phosphorus. 
Effect of Liming on the Inorganic Phosphorus 
Fractions in Soils 
Chang and Jackson (1955) developed a procedure for 
fractionating inorganic soil phosphorus into discrete 
chemical forms. The specificity of the various extractants 
in removing discrete chemical forms from soil is open to 
question, and it seems possible that some redistribution of 
phosphorus among fractions may occur during extraction. 
Cooke (1951) found, for example, that phosphorus extracted 
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from soil by acid may be fixed again by the soil during a 
longer extraction. Nevertheless, the Chang and Jackson (1955) 
method for fractionating inorganic soil phosphorus has been 
used by a large number of workers. 
Use of the method has confirmed what has been known for 
a long time, namely, that aluminum and iron phosphates are 
dominant in acid soils, and calcium phosphates are dominant in 
alkaline or calcareous soils. The method has also been used 
to follow changes in inorganic phosphorus after liming. 
Kaila (1961 , 19^5) found that incubating acid soils 
for 6 months with calcium carbonate generally increased the 
phosphorus extracted by ammonium fluoride and sulfuric acid 
and decreased the phosphorus extracted by sodium hydroxide. 
There were some soils, however, in which this did not occur. 
Kaila (I965) believed that the analytical procedures failed 
to some'extent to indicate the real distribution of phos­
phorus. She suggested further that the conversion of alkali-
soluble phosphorus to fluoride-soluble and sulfuric acid-
soluble forms was a more important effect of liming than the 
intensification of organic phosphorus mineralization. 
The changes caused by liming, however, may be slow, as 
Hsu and Jackson (i960) found on adding calcium carbonate to 
strongly acid soils. In some cases, e,g, Heinemann (I962), 
no significant differences in the distribution of soil phos­
phorus between limed and unlimed plots could be detected. 
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Reports of Beneficial Effects of Liming on 
Phosphorus Availability 
Beater (1945), using tomato as an indicator crop on 
eight soils of Natal, found that liming increased the phos­
phorus content by 20%, This increase, however, was not re­
flected in the phosphorus extracted from the soils by 0.5 N 
buffered with sodium borate, 
Salonen (1946) found that liming acid clay soils of 
Finland decreased the organic phosphorus and increased the 
lactate-soluble phosphorus. 
Bonnet (1946) found that liming an acid latosol of 
Puerto Rico increased the yield and phosphorus content of 
grasses up to 32 months after liming, 
Gericke (1951) summarized the results of a large number 
of trials in Germany and found that liming increased the up­
take of phosphorus by plants from strongly acid soils by an 
average of 0,7 mg/lOO g of soil. He suggested that the in­
fluence of lime on phosphorus mobilization is of minor im­
portance, the important effect of liming being in ths' improve 
ment of growing conditions. 
Russell (1954) ascribed the beneficial effects of liming 
to a reduction in the aluminum and iron in solution. Under 
acid conditions these elements reduce the ability of the 
roots to translocate phosphorus from the soil to the plant 
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tops "because part of the phosphorus is restrained in the 
roots. Similarly, Foster and Scott Russell (1958) suggested 
that ferric iron inhibits the transfer of phosphate to plant 
shoots. They believed that ferric ions, which had already 
combined with immobile organic compounds, restrained phosphate 
in roots. The beneficial effects of liming in this situation 
would be to reduce the iron concentration in the soil 
solution, 
Bohne (1949), on the basis of greenhouse pot experi­
ments, considered that the primary beneficial effect of lim­
ing on phosphorus nutrition was related to better root 
growth. The changes in phosphorus extracted by calcium 
lactate did not always reflect the phosphorus taken up by the 
winter rye used as test crop. 
Early German Research on the Effects of Calcium 
Carbonate on Soil Phosphorus 
Much of the early work on biological methods for evalu­
ating nutrient availability in soils was done in Germany in 
the 1920*8 and 1930's, by Neubauer, Mitscherlich, Wiessman and 
co-workers, and has been reviewed by Stewart (1932). There is 
no apparent consistent pattern in the conclusions reached. 
Gtinther and Heyde (192?) found that addition of calcium 
carbonate to soils did not affect uptake of phosphorus by rye 
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seedlings between the limits of pH 5.0 and 8.0. Dirks (1928) 
reached the same conclusion, noting that uptake of phosphorus 
by rye seedlings was depressed at pH 8.3. Gericke (1924) 
found that additions of calcium carbonate or calcium hydrox­
ide in large quantities increased phosphorus uptake from poor 
soils and decreased it from rich soils, with the change 
occurring at a concentration of about 3 nig of extractable 
phosphorus per 100 g of soil, Kbrschens (192?), using the 
Neubauer technique, found that treatment of soils with calcium 
carbonate diminished the quantity of phosphorus removed by 
rye seedlings. Lemmerman (1926) however, using the same 
technique, found that calcium carbonate had little effect. 
Effect of Liming on Phosphorus in Latosols 
In an extensive review of the effects of liming on 
plants grown on soils of tropical regions, Greene (1954) " 
concluded that liming usually has produced unsatisfactory 
results. Russell (1968), in a recent review, observed that 
in nearly all the early experiments on the effect of liming 
acid tropical soils, there was no response or else a yield 
depression. Pox et al.. (1962) found that the optimum pH for 
uptake of phosphorus by plants from Hawaiian latosols was pH 
5.0 to 6.0. The effect of calcium carbonate, however, varied 
considerably. In at least one case liming caused a consider­
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able reduction in phosphorus uptake. They suggested, as did 
Pierre and Browning (1935), that the nature of crop response 
to addition of calcium carbonate in the field varies with 
time. 
Effects of Liming and pH on Labile phosphorus in Soils 
There are a considerable number of reports on the effects 
of liming on the amounts of labile phosphorus found in soils 
by various empirical methods of testing. There is no con­
sistent pattern, and the overall view is confusing. In some 
cases the soil tests correlate poorly with the biological 
tests. In a few instances, increases in soil test values 
caused by liming have lead the authors to conclude that 
phosphorus availability was increased, although no biological 
experiments were carried out. The position is further con­
fused by the fact that the reliability of some of the soil 
tests seems to vary with the soil pH, Because some of the 
extractants are acid or alkaline, there is the distinct 
possibility th&t they give values for labile phosphorus that 
are affected by Interaction of the extractant with soil con­
stituents other than those bearing phosphorus. Because of such 
difficulties, one might suppose that the effects of liming on 
phosphorus availability might be reflected more clearly by 
values obtained from use of methods that do not Involve such 
interaction. These Include the labile phosphorus by Isotoplc 
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dilution and the phosphorus extracted by strong base-type 
anion-exchange resins in chloride forms. The results obtained 
by various investigators using different methods may be 
summarized as follows; 
(1) Method Truog (1930) involving extraction with 
0.002N HgSO^ buffered at pH 3 with (NH^igSO^: Dunn (1943), 
Attoe and Truog (1949) and Thomas (1959) found that liming 
decreased the amount of phosphorus extracted. Awan (1959), 
Awan and Richer (1964), Balam (19^5) and Khan and Chowdhury 
(1963) found the opposite effect. 
(2) Method of Bray and Kurtz (1945) involving extraction 
with 0.025N HCL, 0.03N NH4P: Awan (1959) and Awan and Richer 
(1964) found that liming decreased the amount of phosphorus 
extractable according to this method, Hamilton et al. (1966) 
found the opposite effect. 
(3) Method of Olsen et al. (1954) involving extraction 
with 0.5 M NaHCO at pH 8.5: Raychaudhuri and Landey (i960) 
found that liming decreased the phosphorus extracted by this 
reagent from^alluvial saline and sandy soils and increased 
the phosphorus extracted from alluvial loams and laterites. 
(4) Method of Morgan (1941) involving extraction with 
NaOAc-HOAc solution: Awan (1959) and Awan and Richer (1964) 
found that liming increased the phosphorus extracted by the 
Morgan reagent. Cornfield (1953), in a study of 800 soils in 
the United Kingdom was critical of this method, for use on 
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soils having high pH values. 
(5) Method of Egner (l94l) Involving extraction with 
calcium lactate, lactic acid solution; Abdel-Bar et al. 
(1964) and Jelenic et al.(1964) found that liming decreased 
the phosphorus extracted by the Egner method. Franck (1956) 
found an opposite effect, 
(6) Citrate method involving extraction with 2^ citric 
acid: Manuca and Danllluc (196I) found that liming increased 
the phosphorus extracted by this method. 
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METHODS AND MATERIALS 
Soil Samples and Sample Preparation 
Samples of acid soils were collected from locations in 
Iowa during November of I965 and May of 1966. In comparison 
with Iowa soils in general, all the soils sampled would be 
considered low or extremely low in fertility, and most would 
be classed as strongly acid. The soil types, sample 
locations, and sampling depths are listed in Table 2, 
In preparation for use in the experiments in the green­
house, the soil samples were air-dried, crushed and passed 
through a sieve with openings 2 mm. square. Each sample 
was then thoroughly mixed and stored in a 10-gallon gal­
vanized metal container until needed. 
Greenhouse Experiments 
The technique used in the greenhouse experiments to 
measure plant uptake of phosphorus as affected by application 
of calcium carbonate was adapted from the technique 
developed at the National Fertilizer Research and Development 
Center, T.V.A., Muscle Shoals, Alabama. Research workers 
there devised a system for measuring short-term uptake of 
phosphorus Stanford and De Ment, (1957), potassium De Ment 
Table 2. Location and depth of sampling of soil samples used 
Soil 




























Iowa State University Agronomy and 
Agricultural Engineering Research 
Center, 5 miles west of Ames, Iowa, 
in small depression Immediately 
south of machinery sheds 
225 feet west and 1175 feet north 
of SE corner of SW^ NW-^ Sec, 14 T 
69N R20W. (175 feet north of old 
abandoned fence line at edge of 
timber); on l4$ slope 
Iowa state University Howard County 
Experimental Parm, NW-^ NW^ and 
NW-ç-
200 feet east and 30 feet south of 
NW corner of NW-^ NE^ Sec. 22, 
T70N, R22W (on 9^ west-facing 
slope) 
1440 feet south and 70 feet west 
of the NE corner of NW^ NW^ sec. 
19, T81N, R22W (5 - 9# slope) 
135 feet south and 35 feet west of 
cemetery gate in SW^, Sec. 4, T70N, 
R22W 
0 - 15 
5 - 20 . 
0 - 1 5  
0 - 1 5  
0 - 1 5  
15 - 30 
Table 2. (Continued) 
Soil 
No, Designation County 
P2970 Adair loam Wayne 
P2971 Rathbun Wayne 
silt loam 
F2972 Caleb gritty Wayne 
silt loam 
F2973 Kenyon loam Buchanan 






225 feet N, 530 feet W of SE corner 0-15 
of NE^ NE^, Sec. 33, T69N, R21W on 
55^ NW facing slope 
730 feet south and 5^0 feet west of 10 - 25 
the NE corner of SW^ Sec, 19, T67N, 
R21W on 3^ north facing slope 
147 feet west into Sec. 15, 910 0 - 15 
feet south of the NW corner of the 
NW^, Sec. 4, T69N, R22W on a 9% SE 
facing slope 
Carrlngton-Clyde Experimental Farm, 0 - 1 0  
Independence; Continuous Corn 
Experiment, Area No, 3, Plot No, 9, 
Treatment No, 26, Replicate No, 1, 
- an unllmed, unfertilized check plot 
60 feet north and 750 feet east of 0-15 
the SW corner of the SE^ SW^, Sec. 
16, T67N, R22W on 3/é slope 












II II Buchanan 












750 feet east and 34o feet north of 0-15 
the SW corner of the Sec, 4, 
T69NJ R22W, near center of convex 
ridge top, 55È slope 
Iowa State University Howard County 0-15 
Experimental Farm, NW^ NW^ and 
NW%-, 537 plus 99 R 13, Taken along g 
west fence line of farm 
Carrlngton - Clyde Experimental farm, 0-10 
Independence; Continuous Corn 
Experiment - unlimed, unfertilized, 
check plot 
Northern Iowa, taken by Howard 0-15 
County Experimental Farm Super­
intendent Mr, S. J. Angstrom on Leo 
Caffrey farm 
Iowa State University Old Agronomy 0 - 15 
Farm 
120 feet south, 510 feet east, NW^ 0-15 
NE^, Sec. 30, TBIN R22W, 0 - 2$g 
slope 
Table 2. (Continued) 
Soil Depth 
NO. Designation bounty Location samPled. 
F2983 Palaesol Tama Site G - 402, east roadcut near 
center of Sec, 10, T85N, R13W, 
Tama County. Described in Ph.D. 
thesis, T. E. Fenton, Iowa State 
University, 1966. Material was 
taken at a depth of approximately 
26 meters 
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et , (1959a) and nitrogen De Ment et al,, (1959%) from 
fertilizers added to soils. 
In this method plants are grown in sand culture in a 
bottomless cottage cheese container with a nutrient solution 
lacking the element under study. When a mat of roots had 
developed at the bottom of the container, the container and 
contents, with plants intact, are placed on the soil. Within 
a few days, enough of the nutrient under test is absorbed 
to be determined by chemical analysis. 
The special advantage envisioned for the technique 
from the standpoint of the experiments to be reported in this 
thesis was that differences among soils in characteristics 
other than phosphorus supply should have less effect on 
phosphorus uptake than is true in the usual type of experi­
ment in which plants are grown in the soils from seed to 
harvest. An additional factor that may be of significance 
is that nutrients other than phosphorus need not be added to 
the soil to supplement natural supplies because the plants 
have been grown with an ample supply of these nutrients 
before they are placed on the soils. Additions of these 
nutrients directly to the soils may modify the availability 
of the phosphorus. 
Analytical-reagent-grade calcium carbonate^ in light 
^rom Matheson, Coleman and Bell, Division of the 
Matheson Co., Inc., Norwood, Ohio. 
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powder form was used in all experiments. The specifications 
on the label indicated a maximum limit of 0.001# phosphate, 
or less than about 3 g of phosphorus per gram. 
Some of the details regarding the four greenhouse 
experiments are given in Table 3. All experiments were 
arranged in randomized block designs. 
Preliminary greenhouse experiments No. It Corn 
Three soils were used - Okoboji, Lindley and Oran, 
Calcium carbonate was added to 100-g samples of the air-
dry soils in quantities of 0,0, 0.3, 0,6, 0,9 and 1,2 
grams. Mixing was done on a Burrell wrist-action shaker 
for 3 hours. The soils were then transferred to I6-02. 
cottage cheese cartons.^ 
To prepare plants for the experiment, 700 g of silica 
sand^ were placed in each of eight-four l6-oz, bottomless 
cottage cheese cartons. Thirteen corn seeds (single cross, 
W 64AT ms X B 37, 7 Bd, Size 2IP, hot K112T, 95.1# ger­
mination)^ were planted at a depth of 1.5 cm in a regular 
pattern in the sand in May, I966, The sand was maintained 
in a moist state. Fourteen days after planting, when ger­
mination had occurred, 10 of the most uniform cultures were 
^From Lily-Tulip Corporation, 122 East 42nd St,, New York, 
%rom Clayton Silica Sand Co., Clinton, Iowa, 
3prom Clyde Black and Sons, Hybrid Seed Forms, Ames, Iowa, 
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selected. All but one had 13 plants. One with 12 plants was 
assigned to Llndley, calcium carbonate treatment 0,9 g, 
replicate 3. 
The soils were moistened with distilled water on June 
5, 1966, The quantities of water used per culture were 65 
ml for the Okoboji soil, 45 ml for the Lindley soil and 60 
ml for the Oran soil. The sand cultures were placed on the 
soils on the same day and were pressed down firmly to ensure 
good contact between soil and the mat of roots in the sand. 
During the following week, 200 ml of a minus-phosphorus 
nutrient solution, supplemented with boron, manganese, copper, 
molybdenum and iron (Hoagland and Arnon, 1950) was added to 
the surface of each culture. The nutrient solution was pre­
pared as indicated in Table 4. 
Table 4, Composition of minus-phosphorus nutrient solution 







Cultures were watered daily or every 2 days and were 
randomized every 3 days. 
The plants were harvested after 13 days of contact with 
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the soil and were separated into tops, roots in the sand 
(hereinafter called sand roots) and roots in the soil (herein­
after called soil roots). 
The fraction called tops was the material above the 
surface of the sand. The fraction called sand roots included 
the roots and basal portion of the stems in the sand. Sand 
roots and soil roots were separated by sieving with the aid 
of a small 2-mm round-hole sieve. The root mat on the sieve 
was washed with water to remove most of the adhering sand or 
soil, 
yields of dry matter were obtained by drying the fresh 
material in a forced-draft oven at 65°C overnight and weigh­
ing the dry residue. The plant material was ground in a 
Christie-Norris mill to pass a 20-mesh screen prior to 
analysis. 
Preliminary greenhouse experiment No, 2: Oats 
In this experiment nine soils were used, namely the 
three soils used in Preliminary Experiment No, 1 (Okoboji, 
Lindley and Oran) plus six other soils - Lamoni, Hagener, 
Weller, Adair, Rathbun and Caleb, 
The calcium carbonate treatments were based on the ex­
change acidity of the soils, rather than on the weight of the 
soils, as in Preliminary Experiment No, 1, Additions of 
calcium carbonate were equivalent to 0, 25, 50 and 100$ of 
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Table 5. Quantities of calcium carbonate added to samples 
of soils in the experiment with oats as test crop 
Milligrams of calcium carbonate 
equivalent to indicated proportion 
of exchange acidity in 100 g of 
oven-dry soil 
0 2% 50^  1% 100# 
Okoboji 23 = 5 0 588 1176 1764 2352 
Lindley 7.6 0 190 380 - 761 
Oran 11.1 0 278 556 - 1111 
Lamoni 13.0 0 325 651 - 1301 
Hagener 2.8 0 70 140 - 280 
Weller 10.9 0 273 546 - 1091 
Adair 8.9 0 223 445 - 891 
Rathbun 9.4 0 235 470 - 941 
Caleb 6.9 0 173 345 — 691 
Exchange 
acidity per 
the exchange acidity. The Okoboji soil received calcium 
carbonate in these proportions and in addition at of the 
exchange acidity. The quantities of calcium carbonate used 
are given in Table 5, The exchange acidity was determined as 
described by Peech ,( 1965a), method 59-3. Each treatment was 
replicated four times with all soils except the Okoboji soil. 
Treatments were replicated eight times on this soil to provide 
enough cultures for two harvest dates. 
Just before the sand cultures were transferred to 
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the soils, the soils were moistened with distilled water, 
using as a guide the water retained at a matric suction of 
1/3 bar. Quantities of water retained at a matric suction of 
1/3 bar and quantities added to the various soils are shown In 
Table 6, 
Table 6, Water content of soils at a matric suction of 1/3 
bar suction and water added to soils 
Quantity of water per 100 g of soil 
Soil Retained at matric Added In green-
suction, of 1/3 bar, house experiment, 
g g 
Okoboji 47 35 
Llndley 16 20 
Oran 20 20 
Lamonl 26 30 
Hagener 5 20 
Weller 24 22 
Adair 19 26 
Rathbun 16 20 
Because the structure of the Llndley and Weller soils 
was poor, these soils were treated with Krlllum soil 
conditioner after addition of the calcium carbonate. The 
Llndley soil was treated with 50 ml of 0.50 aqueous Krlllum 
solution and then allowed to become air-dry. The Weller 
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soil was treated twice with 50 ml of the 0.50 solution and 
was allowed to become air-dry after each treatment. 
The sand cultures were prepared as previously described. 
The sand was washed with 0.5 N hydrochloric acid and then 
flushed with distilled water until no chloride precipitate 
was obtained with silver nitrate, 
Oats was the test crop. The variety Nemaha was used. 
The seed^ was screened to ensure uniform size, A cardboard 
disc was perforated uniformly in 30 places to serve as a 
planting template. 
Seven hundred g quantities of sand were placed in each 
of 175 cottage cheese containers (l6 oz,). Each carton was 
planted with 30 seeds and then covered with l6o g of sand. 
The cartons were placed on the greenhouse benches where the 
temperature varied between 66°F and 72°P, On Nov, 30, 1966, 
the sand was moistened with deionized water to initiate 
germination and then covered with paper to reduce evaporation. 
After 4 days, when seedling emergence had occurred, the 
paper was removed. 
The cultures were treated with the minus-phosphorus 
nutrient solution previously described. A total of 750 ml 
was applied, usually at the rate of 100 ml every 2 days. 
By 15 days after emergence, the plants were spindly 
^Kindly supplied by Dr. K, J. Prey, Agronomy Department. 
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and inclined to topple over, probably due to Inadequate 
lighting. This condition was remedied somewhat by the use of 
150-watt light sources. The plants improved and became more 
erect. Growth of roots to the bottom of the sand was slow, 
and it was necessary to grow the plants 29 to 33 days in the 
^ sand to develop an adequate root mat before transferring the 
sand cultures to the soil. 
Before transfer to the soil, the sand cultures were 
saturated with deionized water and allowed to drain to remove 
nutrient salts. The cultures were transferred to the soil, 
January 1 to 6, 1967, The cultures were randomized on the 
benches every 2 to 3 days. The plants were harvested after 
13 days of contact with the soil. Plants on the second 
, series of treatments of the Obokoji soil were harvested after 
25 days of contact with the soil. 
Main greenhouse experiments; Buckwheat Experiments Nos. 1 
and 2 
These experiments involved eleven soils, namely, the 
nine soils already used plus the Kenyon and Kniffin soils. 
Calcium carbonate additions were equivalent to 0, 20, 4o, 
60 and 1000 of the exchange acidity. Seven replicates of 
each treatment were used to increase the sensitivity of the 
method. Six of these were cropped. The seventh was un-
cropped and was used for soil analyses. 
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The principal difference between Buckwheat Experiments 
Nos, 1 and 2 was that the soil-calcium carbonate contact time 
in Experiment No, 1 was 0 weeks before cropping, whereas in 
Experiment No, 2 it was 15 weeks. 
Because of the need for a large number of cultures for 
these experiments, 12-oz, cartons were used instead of l6-oz, 
cartons. These allowed more efficient use of the limited 
greenhouse space available and economized on the use of soil. 
Each of 500 bottomless cartons was filled with 400 g of 
sand (not acid-washed). Seventeen buckwheat seeds^ were 
distributed uniformly on the surface with the aid of a tem­
plate, The seeds were covered by 136 g of sand. The cultures 
were moistened with deionized water on June 28, 1966, 
Germination was poor. Only 385 cultures contained 9 or more 
plants, and these were thinned to 9 plants each, A total of 
34o ml of the minus-phosphorus nutrient solution was added to 
each of these cultures during the 3 weeks prior to transfer 
to the soils. 
After the thinning, the cultures were transferred to 
Percival Growth Chambers (Model No, 2), Because of over­
crowding and various mechanical and lighting difficulties, 
the cultures were transferred back to the greenhouse. 
In preparation for the experiment, quantities "of calcium 
^Kindly provided by Dr. W, H, Pierre, Agronomy 
Department, (Earl May Seed Co., Shenandoah, Iowa), 
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Table 7. Quantities of calcium carbonate, applied to soils 
in Buckwheat Experiments Nos. 1 and 2 
Milligrams of calcium carbonate equi­
valent to indicated proportion of 
Soil exchange acidity in 150 g of soil 
20^ 40^ 60^ 100# 
Okoboji 706 1411 2117 3528 
Lindley 228 456 685 ll4l 
Oran 333 667 1000 1667 
Lamoni 390 781 1171 1952 
Hagener 84 168 252 420 
Weller 327 655 982 .1636 
Adair 267 535 802 1336 
Rathbun 282 565 847 1411 
Caleb 207 414 622 1036 
Kenyon 390 781 1171 1952 
Kniffin 375 751 1126 1877 
Mean 326 653 980 1632 
carbonate equivalent to 0, 20, 40, 6o and 100^ of the exchange 
acidity were added to 150-g samples of the various air-dry 
soils. The quantities used are listed in Table 7. 
Approximately 1/8 of the cultures were chosen dally at 
random and were weighed to provide an estimate of water needed. 
All cultures were watered to approximately 6o^ of the sum of 
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Table 8, Water-retaining characteristics of soils used in 
experiments with buckwheat as test crop 
Soil 
Water retained per 100 
g 
g of soil. Water added 
per 150 g of 








Okoboji 47 23 68 50 
Lindley 16 9 30 25 
Oran 20 11 50 30 
Lamoni 26 16 58 40 
Hagener 5 8 26 20 
Weller 24 12 46 35 
Adair 19 13 43 35 
Rathbun 16 10 42 25 
Caleb 17 13 41 25 
Kenyon 25 14 50 35 
Kniffin 33 15 65 . 4o 
the water-holding capacities of the sand and soil (Table 8). 
The cultures were rerandomized every 2 days. About 30 sand 
control cultures, which had not been transferred to soil, 
were also carried through these procedures. All cultures 
were harvested after l6 days of contact between sand cultures 
and soil, 
A second buckwheat experiment was conducted, in a 
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manner similar to the first except that the calcium carbonate 
was allowed to react with the moist soil for 15 weeks before 
cropping* As in Buckwheat Experiment No. 1, 100 g of sand 
was placed beneath the soil in the carton and moistened with 
10 ml of water. The 15-week incubation was carried out in 
12 oz, cheese cartons in the dark at 21°C. The cartons were 
sealed with a plastic lid having a hole about 3 mm in dia­
meter in the center. The water loss was approximately 1 ml 
per week. Each of the incubated cartons was weighed twice 
during the incubation period and moistened as required, A 
A growth thought to be fungal in nature appeared on the sur­
face of some samples during incubation. The growth was 
scraped away prior to watering. Cultures on which the growth 
appeared are noted later in tables containing the data. 
Methods of plant analysis 
Where there was sufficient material, a 1-g sample was 
taken for analysis. For samples of less than 1 g, all the 
plant material was used. The samples were placed in 50-ml 
beakers, and 10 ml of a 5^ solution of magnesium acetate was 
added, as described by McCants (1955). After the contents of 
the beakers had been evaporated to dryness on a steam plate, 
the beakers were placed in a cold muffle furnace. The 
temperature was raised gradually to about 200^0 and main­
tained at that temperature until charring of the plant 
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material was complete, after which the temperature was in­
creased to about 500°C and maintained at that temperature for 
about 2 hours. After the beakers had been allowed to cool, 
the ash was moistened with normal nitric acid, and the acid 
was evaporated on a steam plate. The beakers were then re­
heated in the muffle furnace for about an hour at 500°C. 
After the beakers had cooled, the ash was treated with 10 ml 
of 1 N hydrochloric acid in Buckwheat Experiment No. 1 and 
20 ml in Buckwheat Experiment No. 2, The contents of the 
beakers were transferred to 100-ml volumetric flasks, and 
the beakers were policed and washed. In the case of soil and 
sand roots, the beaker contents were transferred to 50-ml 
volumetric flasks. The solutions were then diluted to 
volume with distilled, deionized water and mixed thoroughly. 
The solutions prepared in this way were used for all the 
determinations of elemental composition. 
Analysis for phosphorus A suitable aliquot of the 
solution derived from the ashed plant material (2 ml for 
tops and 10 ml for roots) was pipetted into tubes graduated 
at 35 ml. One drop of 0.50 p-nitrophenol indicator was 
added, the solution was neutralized with 6N NH4OH, and 0.5N 
HCl was added dropwise until the yellow color of the in­
dicator disappeared, as described by Olsen and Dean (I965, 
p. 1039). The aliquot was diluted to 35 ml with distilled 
water, 5 ml of molybdate reagent was added and the contents 
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were mixed thoroughly. Three drops of SnCLg solution was 
added, and the contents were mixed thoroughly. Ten minutes 
later the transmittance was measured photometrically in an 
Evelyn photoelectric colorimeter, using a 66o millimicron 
filter, A blank, using all the reagents, was carried through 
the same procedure. A standard curve was also prepared. 
Analysis for aluminum The aluminon method, as 
described by Chapman and Pratt (I96I), was used. A 35-ml 
aliquot of the solution derived from the ashed plant 
material was added to a test tube, and 2 ml of thioglycollic 
acid was then added to reduce interference from iron. The 
tube contents were then mixed, 10 ml of aluminon reagent was 
added, the contents were mixed again and the tubes were 
heated in a boiling water bath. After the tubes had cooled 
for 1 hour, the transmittance was measured in a Klett-
Summerson photoelectric colorimeter using a 500 - 570 
millimicron filter and a cell with an optical path length 
of 1.25 cm. 
Analysis for manganese A Perkin-Elmer Atomic 
Absorption Spectrophotometer, Model 303 was used. The method 
used was described by the Perkin-Elmer Corporation (1964). 
The instrument settings were as follows: Range - UV; 
wavelength - 280IA; slit - 4; meter response - 1; scale - 1; 
gain - 6; vacuum tube operating current - I5 ma, A standard 
manganese solution, usually containing 5 or 10 micrograms of 
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Mn per milliliter was analyzed with every six unknowns, to 
provide a control for the small variations and drifting that 
tended to occur occasionally in the energy meter. 
Analysis for iron The orthophenanthroline method 
described by Black (1957) was used for the plant materials 
from Buckwheat Experiment No. 1, Twenty ml of the solution 
derived from the ashed plant material was added to a test 
tube and mixed with 5 ml of sodium acetate - acetic acid 
solution. One ml of hydroxylamine hydrochloride solution 
was added and mixed. After the tube had stood for 1 minute, 
5 ml of orthophenanthroline solution was added and mixed. 
The transmittancy was measured after about 1 hour in a Klett-
Summerson colorimeter using a 500-570 millimicron filter and 
a quartz cell with an optical path length of 4 cm. 
The plant materials from Buckwheat Experiment No. 2 
were analyzed by atomic absorption spectrophotometry using 
the method described by the Perkin-Elmer Corporation (1964). 
The instrument settings were as follows: wavelength -
2483A; slit - 3, scale - 10; meter response - 2. 
Methods of soil analysis 
Total exchangeable bases were determined as described by 
Chapman (1965). Exchange acidity was determined by the method 
of Peech (1965a), and pH in O.OlM calcium chloride was 
determined by the method of Peech (1965b). 
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The method of Legg and Black (1955) was used for organic. 
Inorganic and total extractable phosphorus. Inorganic phos­
phorus was fractionated by the Chang and Jackson (1957) 
procedure. 
To obtain indexes of availability of soil phosphorus, 
six different extraction methods were used as follows; 
(1) Phosphorus soluble in 0,03 N NH^^P and 0,025 N HCl (Bray 
and Kurtz., 19^5), hereinafter referred to as the "Bray method", 
(2) Phosphorus soluble in 0.5 M NaHCO^ (Olsen e_t aJ,, 1954), 
hereinafter referred to as the "Olsen method". (3) Phosphorus 
soluble in 0,05 N HCl and 0,025 N HgSO^, a method developed 
by Nelson et al, (1953) for North Carolina soils and 
described by Olsen and Dean (I965), hereinafter referred to as 
the "Nelson method". (4) Phosphorus soluble in acetic acid 
buffered with sodium acetate. This method was developed by 
Morgan (1941) and is described by Greweling and Peech (I965). 
It is referred to hereinafter as the "Morgan method", 
(5) Phosphorus soluble in O.OlM calcium chloride. Various 
modifications of this method were tested and are described 
later. It is referred to hereinafter as the "Calcium 
chloride method". (6) Phosphorus soluble in water was 
estimated by the Watanabe and Olsen methods (1962, I965) and 
modifications thereof. 
Water retentivity at a matric suction of 1/3 bar was 
measured as described by Richards (I965). An estimate of 
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field capacity was obtained by applying water to the surface 
of a 20 cm column of air-dry soil in a glass column. The 
wetting front penetrated to within 2.5 to 5 cm of the bottom 
of the soil column. After the columns had been allowed to 
stand for 24 hours, a sample was taken at the 1- to 4-cm 
depth for determination of water content. Water holding 
capacity was determined by saturating 100 g of soil, letting 
it drain, and then measuring the water content. 
Exchangeable aluminum, soluble in IN KCl solution, was 
estimated by the aluminon method (McLean, I965). Aluminum 
extracted by the use of aimonium acetate at pH 4.8 was 
measured by the aluminon method (McLean, I965). 
Manganese present in the IN KCl extract for aluminum 
described in the preceding paragraph was estimated by atomic 
absorption spectrophotometry, as described under plant 
analysis. This is referred to an exchangeable manganese 
(IN KCl). Manganese soluble in the ammonium acetate extract 
(pH 4.8) used for estimating extractable aluminum (preceding 
paragraph) was estimated by the atomic absorption spectro-
photometric method previously described. This is referred to 
as extractable manganese (ammonium acetate, pH 4,8). 
Manganese was also estimated by atomic absorption spectro­
photometry in the solutions obtained by the Morgan and 
Nelson methods for extractable phosphorus (described 
previously). The sodium acetate, acetic acid solution that 
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constitutes the extractant in the Morgan method was proposed 
as a universal extractant by Morgan (1941) and Greweling and 
Peech (1965), among others have described its use to obtain 
an index of manganese availability in soils. 
Iron extracted by ammonium acetate at pH 4,8 was 
estimated by use of the orthophenenthroline colorimetric method 
described by Olson (1965). Iron extracted by the 0.05 N HCl 
- 0,025 N HgSO^ reagent used for phosphorus in the Nelson 
method previously described was estimated by atomic absorption 
spectrophotometry. 
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RESULTS AND DISCUSSION 
Preliminary Studies 
Soil analyses 
As a basis for selection of samples for use from the 
group collected in the field, certain analyses were made to 
characterize the acidity of the various soils. Results of 
these analyses are given in Table 9. The eleven most acid 
soils (F2964 to P2974) were selected for experimentation. 
Certain analyses then were made to characterize the 
phosphorus in the soils. Results of these analyses are 
given in Table 10, 
Greenhouse experiment No. ]L: corn 
Data on pH values of the soils are given in Table 11, 
Yields of dry matter, phosphorus contents and yields of 
phosphorus in the tops, roots in the soil and roùts in the 
sand were estimated for all soils treatments and replicates. 
For the sake of brevity these results have been summarised in 
one table. Table 12, 
The main conclusions from this experiment were in brief 
as follows: (l) Calcium carbonate considerably decreased the 
phosphorus content and yield of phosphorus in corn plants grown 
on the Okoboji soil. The effects in the case of the other 


















P2964 Okoboji 4.79 23.5 32.6. 56.1 . 58 
P2965 Lindley 4.07 7.6 4.0 11.6 35 
F2966 Oran 4.37 11.1 7.7 18.8 41 
F2967 Lamoni 4.59 13.0 15.4 28.4 54 
F2968 Hagener 5.38 2.8 3.6 6.4 56 
F2969 Weller 4.09 10.9 6.5 17.4 37 
F2970 Adair 4.81 8.9 10.8 19.7 54 
F2971 Rathbun 4.09 9.4 7.2 16,6 43 
F2972 Caleb 4.65 6.9 9.7 16.6 58 
F2973 Kenyon 4.63 13.0 13.3 26.3 51 
P2974 Kniffin 4.92 12.5 21.0 33.5 63 
E2975 Mystic 5.47 9.3 20.2 29.5 68 
F2976 Oran 4.79 11.3 13.4 24.7 54 
F2977 Kenyon 4.69 12.8 12.9 35.7 50 
Table 9. (Continued) 
pH in Exchange Total exchange- E„A, T.E.B. 
Soil O.OIM acidity, able bases, meq/lOOg Base 
No. Name CaClo meq/lOOg meq/lOOg saturation 
(E.A.) (T.E.B.) 
F2978 Kenyon 4.82 12.4 15.5 27.9 56 
F2979 Kenyon 4.90 11.2 16.4 27.6 59 
F2980 Dickinson 5.90 3.4 7.2 10.6 68 
F2981 Clarion 5.52 4.7 10.6 15.3 69 
F2982 Buckner 5.49 3.0 6,6 $.6 69 
F2983 Palaeosol 7.11 3.6 26.3 29.9 88 
Mean, soils P2964 -
F2974 4.58 10.9 12.0 22.9 50 
Minimum " " 4.07 2.8 3.6 6.4 35 
Maximum " u 5.38 23.5 32.6 56.1 63 
TalDle 10, Phosphorus fractions in soils 
Phosphorus per gram of soil in indicated fraction, fjLg 
Organic Extraetabie Extracted Extracted Extracted 
Soil (a) inorganic* A + B by NaOH by HgSO^ 
(B) 
Okoboji 303 360 663 60 81 96 
Lindley 48 76 124 2 31 5 
Oran 273 130 403 4 60 1 
Lamoni 156 105 261 3 44 6 
Hagener 382 186 568 7 38 75 
Waller 87 159 246 8 67 13 
Adair 179 271 450 37 85 15 
Rathbun 79 68 143 1 29 3 
Caleb 81 174 255 30 65 1 
Kenyon 241 240 481 6 60 10 
Kniffin 385 198 583 6 65 15 
Mean 201 179 380 15 57 22 
Minimum 48 68 124 1 29 1 
Maximum 385 360 663 60 85 96 
*Extracted from soil in the process of determining organic phosphorus. 
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Table 11. pH of soils after treatment with different quantities 
of calcium carbonate and growth of corn in sand-soil 
cultures 
Soil 
Soil pH with indicated addition of CaCO^ 
per 100 grams of soil, mg 



















pE determined on a suspension of soil in water as de­
scribed by Peech (1965b). Values are for replicate 1 only. 
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Table 12, Summary of total yield of phosphorus in corn 
plants grown in sand-soil cultures in an experi­
ment with three soils immediately following 
treatment of the soils with different quantities 
of calcium carbonate 
_ . Yield of phosphorus per culture, mg CaCO? added per =— 
lOOg of soil. Roots Roots 
mg Tops in sand in soil Total 
Okoboji soil 
0 7.03 0.40 0.37 7.80 
300 5.31 0.28 0.49 6.08 
600 3.44 0.27 0.49 6.20 
900 5.28 0.35 0.46 6.09 
1200 5.12 0.31 0.62 6.05 
Lindley soil 
0 5.19 0.34 0.13 5.66 
300 4.97 0.82 0.15 5.64 
600 4.77 0.66 0.16 5.59 
900 4.96 0.06 0.10 5.12 
1200 5.16 0.08 0.06 5.30 
Oran soil 
0 4.45 0.41 0.16 5.02 
300 4.70 0.46 0.13 5.29 







3.66 0.71 0.16 4.53 
1200 4.55 0.38 0.17 5.10 
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two soils were less obvious. (2) Differences in yield of 
phosphorus in the plants among treatments were so small in 
comparison with the mean yield of phosphorus that the sen­
sitivity of the experiment was relatively poor. 
It was obvious that the high phosphorus content of corn 
seed (9.07 rag P in 13 seeds) is a disadvantage, hence a plant 
species such as oats, with a lower phosphorus content, seemed 
more suitable. Calcium carbonate additions based on the ex­
change acidity also seemed preferable. It also better to add 
the nutrient solution only while the plants were growing in 
the sand, and then to flush the sand cultures with an excess 
of water to remove the nutrient solution before the sand cul­
tures were placed on the soil. The plants should then have 
enough of everything but phosphorus to keep them growing. 
This procedure would also obviate the lowering of soil pH 
which might occur if the nutrient solution were added while 
the plants were growing on the soil, A further improvement 
could be achieved by better control of water in the culture 
systems by frequent weighing. With these improvements in 
mind a second greenhouse experiment was laid down. 
Greenhouse experiment No. 2; oats 
The effects of calcium carbonate on soil pH are shown in 
Table 13. These results show that a fairly satisfactory 
range in pH values was obtained, with the highest treatment 
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Table 13. pH of soils in 0.01 molar calcium chloride after 
treatment with calbium carbonate equivalent to 
different proportions of the exchange acidity and 
after cropping to oats In sand-soil cultures 
Soil 
pH of soil with CaCO? equivalent to indicated 
percentage of exchange acidity 
0 25 50 75 100 
Okoboji 4.90 6.09 6.55 6.69 6.82 
Lamoni 4,77 , 6.4o 6.98 - 7.08 
Adair 5.51 6.71 6.91 - 7.03 
Hagener 6.23 7.01 7.09 - 7.32 
Weller 4.22 5.42 6.79 - 7.02 
Lindley 4.13 5.42 6.85 - 7.06 
Oran 4.52 6.00 6.81 - 7.02 
Rathbun 4.27 5.91 6.99 - 7.12 
Caleb 5.10 6.6o 7.02 - 7.20 
giving a pH of approximately 7.0 in the majority of soils. 
The effects of calcium carbonate on phosphorus extracted 
from soils by 0,03N 0.025N HCl solution are shown in 
Table 14. These indicate that calcium carbonate decreased 
extractable phosphorus in general. 
Yields of dry matter phosphorus contents and phosphorus 
yields in the tops, roots in the sand and roots in the soil 
were estimated for all soils, treatments and replicates. 
For the sake of brevity these results have been summarised 
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Table l4, phosphorus extracted from soils by 0.03N 
0.025N HCl solution after growth of oats in sand-
soil cultures with various soils treated with 
calcium carbonate equivalent to different pro­
portions of the exchange acidity 
Soil 
CaCO? added 
as ^  of 
exchange acidity 
Phosphorus extracted 









































Table l4, (Continued) 
CaCOg added Phosphorus extracted 
Soil as % of per gram of soil, jxg 
exchange acidity 












Mean 0 12.8 
(excluding Okoboji 25 11.7 
and Hagener) 50 11.5 
100 10.4 
Mean 0 15.9 
(excluding 25 • 13.2 
Hagener) 50 12.2 
100 10.8 
into one table - Table 15. 
The yield of phosphorus in the oat plants did not change 
in a consistent manner with the application of calcium car­
bonate, On two soils the yield of phosphorus increased with 
application of calcium carbonate, on two it decreased, and on 
four it was essentially unaffected. 
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Table 15. Yield of phosphorus in oat plants grown in sand-
soil cultures on soils treated with calcium car­
bonate equivalent to different proportions of the 
exchange acidity 
CaCOn addition 
as ^  of exchange 
acidity 
Yield of phosphorus per culture, mg 
Roots Roots 
Tops in soil in sand Total 
Okoboji soil, first harvest 
0 2.97 0.12 0.56" 
25 2.44 0.12 0.47 
50 2.54 0.14 0.53 
75 2.48 0.12 0.56 
100 2.51 0.11 0.53 




















1.70 0.10 0.43 
1.75 0.07 0.41 
1.57 0.07 0.38 






















The analytical.data for soil and sand roèts were ob­
tained, by a single analysis of 4 replicates bulked together. 
The analytical data for tops from Okoboji (Harvest No. 1), 
Lindley, Weller, Lamoni and Hagener soils are means from a 
separate analysis of each of the four replicates. The figures 
for the other soils represent a single analysis of the four 
replicates bulked together. 
80 
Table 15, (continued) 
CaCOo addition Yield of phosphorus per culture, mg 
as ^ -^ of exchange Roots Roots 
acidity Tops in soil in sand Total 
Lamoni soil 
0 2.06 0.14 0.49 2.69 
25 2.18 0.15 0.40 2.73 
50 2.23 0.15 0.44 2.82 
100 2.48 0.15 0.46 3.09 
Hagener soil 
0 2.55 0.15 0.45 3.15 
25 2.71 0.16 0.49 3.36 
50 2.51 0.19 0.49 3.19 
100 2.51 0.15 0.55 3.21 
Weller soil 
0 2.14 0.09 — • 0.38 2.61 
25 2.33 0,06 0.39 2.78 
50 2.31 0.07 0.46 2.84 
100 2.21 0.07 0.41 2.69 
Adair soil 
0 3.08 0.07 
25 4.03 0.07 - -
50 4.14 0.11 - — 
100 4.11 0.07 - -
•Rathbun soil 
0 2.27 0.05 0.40 2.72 
25 2.05 0.04 0.35 2.64 
50 1.59 0.05 0.38 2.02 
100 1.67 0.06 0.41 2.14 
Caleb soil 
0 2.63 0.06 0.40 3.09 
25 2.53 0.06 0.41 3.00 
50 2.95 0.07 0.45 3.47 
100 2.23 0.06 0.43 2.72 
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Table 15, (Continued) 
CaCOg addition 
as # of exchange 
acidity 
Yield of phosphorus per culture, mg 
Roots 
Tops in soil 
Roots 
in sand Total 





2.330 0.098 0.435 2.863 
2.278 0.090 0.409 2.777 
2.208 0.099 0.434 2.741 
2.200 0.088 0.451 2.739 
Extractable phosphorus in soils from experiment with oats as 
test crop 
An attempt was made to characterize the effect of cal­
cium carbonate on the phosphorus in the soils and to deter­
mine whether the extractable phosphorus values obtained in 
the laboratory were related to the uptake of phosphorus by 
the oats. Samples of the soils were extracted with water, 
0.01-molar calcium chloride, 0.03-normal ammonium fluoride, 
0.025-normal hydrochloric acid, and sodium acetate-acetic 
acid solution. 
Extraction with water was performed in two ways. In the 
first, 5 g of soil was shaken on a wrist-action shaker with 
50 ml of water for 5 minutes. In the second, 5 g of soil 
was shaken with 50 ml of water for 60 minutes. The sus­
pensions were filtered through Whatman No, 542 filter paper 
to obtain solutions for analysis. To obtain the calcium 
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chloride extracts, 2,5 g of soil was shaken with 50 ml of 
0,01-molar calcium chloride on a wrist-action shaker for 90 
minutes. The suspensions were centrifuged to obtain 
solutions for analysis. Inorganic phosphorus in the water 
and calcium chloride extracts was determined by use of the 
ascorbic acid method of Watanabe and Olsen (19^5). The 
values obtained with control (uncropped) samples of the 
soils are shown in Table l6. The values are low, and because 
the method did not seem sensitive enough it was abandoned. 
The next step was to investigate the use of iso-butanol 
and iso-octanol for concentrating the molybdate-phosphate 
complex into a relatively small volume of solution for 
phosphorus determination, thereby increasing the sensitivity 
of the analysis. Iso-butanol is used most commonly in 
alcoholic extraction of the molybdate-phosphate complex, but 
when relatively small volumes are used, much of the alcohol 
is lost into the aqueous phase. In an attempt to avoid this 
loss, the use of iso-octanol was investigated. This alcohol 
has lower solubility in water than does iso-butanol. The 
lower sensitivity of the iso-octanol method and the viscous 
nature of iso-octanol, however, seemed sufficiently dis­
advantageous to Justify abandonment of the iso-octanol 
modification. 
The uncropped control soils and the cropped soils from 
the experiment with oats as test crop were extracted with 
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Table l6. Inorganic phosphorus extracted from samples of 
control, uncropped soils by water and 0,01 molar 
calcium chloride 
Phosphorus extracted per gram of soil, f^g 
Extraction Extraction Extraction 
Soil 
with water with water with 0,01 M 
for for CaClg for 
Number Name 5 minutes 60 minutes 90 minutes 
P2964 Okoboji 3.58 3.82 1.49 
P2965 Lindley 0.10 0.28 0.06 
P2965 Oran 0.38 - -
P2967 Lamoni 0.10 0.33 0.22 
P2968 Hagener 0.68 1.22 0.72 
P2969 Weller 0.12 0.29 0.13 
F2970 Adair 4.36 7.11 4.85 
P2971 Rathbun 0.04 0.34, 0.22 
P2972 Caleb 1.16 2.03 0.72 
P2973 Kenyon 0.09 0.38 0.14 
P2974 Kniffin 0.87 1.55 1.35 
F2975 Mystic 1.64 2.51 1.23 
P2976 Oran 0.13 0.29 0.22 
P2977 Kenyon 0.14 - -
P2978 Kenyon 0.20 - -
P2979 Kenyon 0.28 - -
P2980 Dickinson 0.68 1.23 0.39 
P2981 Clarion 0.09 0.14 0.06 
F2982 Buckner 2.12 3.55 2.17 
F2983 Palaesol 0.10 
0.01 molar calcium chloride. Ten grams of soil was shaken 
for 120 minutes with 500 ml of 0.01-M calcium chloride. 
Three combinations of shaking and solids separation were used: 
(A) Samples were shaken on a reciprocating shaker. Extracts 
were clarified by centrifùging. (B) Samples were shaken and 
centrifuged as in (A). The extracts were filtered through a 
membrane filter, with a mean pore diameter of 0.2 
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Table 17. Inorganic phosphorus extracted by 0,01 molar 
calcium chloride from control, uncropped samples 
of soils and from cropped samples that had 
previously been treated with various quantities 
of calcium carbonate 
Extrac- Phosphorus extracted per gram of soil, H-g 
tion Control, Cropped soil, treated with 
method^ uncropped CaCOg equivalent to indicated 
soil percentage of exchange acidity 
0 25 50 75 100 
Okoboji A 4.34 1.21 0.82 0.62 0.49 0.54 
(first B 2.17 0.18 0.18 0.16 0.11 0.13 
harvest) C - 0.73 0.16 0.71 0.62 0.46 
OkoboJ1 A 0.38 0.16 0.19 0.14 0.11 
(second B 0.08 0.12 0.16 — — 
harvest) C 0.80 0.76 0.90 0.67 0.53 
Rathbun A 0.50 0.66 0.50 0.14 0.17 
B 0.03 0.03 0.04 0.01 0.02 
C 0.28 0.40 0.50 0.31 0.34 
Hagener A 0.44 0.09 0.09 0.09 0.09 
B 0.06 0.02 0.02 0.03 0.01 
C 0.32 0.21 0.17 0.14 0.16 
Oran A 0.54 0.61 0.'44 0.42 0.45 
B 0.22 0.05 0.06 0.07 0.03 
C - - 0.28 0.09 0.15 
Caleb A •• 
B 0.06 0.05 0.06 0.07 0.06 
C 1.15 0.44 0.37 0.35 0.26 
Weller A 0.16 0.24 0.31 0.23 0.17 
B 0.05 0.04 0.10 0.04 — 
C - 0.13 0.17 0.16 0.15 
Lindley A 0.14 0.15 0.17 0.21 0.15 
B 0.02 0.02 0.02 0.03 0.04 
C - 0.01 0.04 0.07 0.34 
Adair A 2.63 0.21 0.20 0.14 0.10 
B 2.58 0.04 0.10 0.08 0.04 
^Methods A, B and C correspond to methods A, B and C 
described in the text 
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Phosphorus extracted per gram of soil, ftg 
Control, cropped soil, treated with 
uncropped CaCO equivalent to Indicated 
soil percentage of exchange acidity 





5.93 0.23 0.23 0.16 
0.76 0.77 0.54 0.31 
0.04 0.04 0.08 0.05 




micron,^ in a pressure filter chamber described by Peaslee 
(i960). (C) Samples were shaken gently on an end-over-end 
shaker, and the extracts were clarified as in (B). The 
volume of extract obtained (490 - 495 ml) was made to 500 ml 
with calcium chloride extractant. Inorganic phosphorus was 
then determined in the total extract by use of a modification 
of the Watanabe and Olsen (1962) method in which only 65 ml 
of iso-butanol was used. The results are in Table 17. 
Although values for extractable phosphorus in some cases re­
flect the uptake of phosphorus by the oat plants, they appear 
to correlate less well with the uptake of phosphorus than do 
the values for extractable phosphorus obtained by extraction 
with 0.03-normal ammonium fluoride, 0.025-normal hydro­
chloric acid solution (Table 14). 
German Instrument Co., Ann Arbor, Michigan. 
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Main Experiments with Buckwheat as Test Crop 
Two experiments, similar in design, were carries out with 
buckwheat as test crop. These are designated as Buckwheat 
Experiments Nos, 1 and 2. The essential difference between 
them was in the duration of the incubation periods (O and 15 
weeks, respectively) of the soils with calcium carbonate 
before cropping. For convenience, both experiments are 
discussed together. 
Organization of experimental data 
The data obtained on the plants are given first. The 
yields and elemental composition of the tops of buckwheat 
grown on the various soils and on the control sand cultures are 
shown in Tables 18 to 29 for Buckwheat Experiment No. 1 and 
in Tables 30 to 4l for Buckwheat Experiment No. 2. Summary 
data on yields of dry matter and phosphorus for Buckwheat 
Experiment No. 1 appear in Tables 42 and 43J those for 
Buckwheat Experiment No. 2 are in Tables 44 and 45. The 
relative yields of phosphorus in the tops of the plants 
appear in Tables 46 and 47. An abbreviated summary contain­
ing the mean yields of phosphorus in both experiments 
appears in Table 48. The data for seed analyses appear in 
Table 49. The yield and elemental composition of the roots 
produced in sand and in soil in the two experiments appear in 
Tables 50 to 53. 
Table 18, Yield and elemental composition of tops of plants grown on Okoboji 
silty clay loam in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter^ mg, P Mn A1 Pe 
Exchange acidity g 
A 2.36 4.38 i860 370 78 50 
B 1.97 2.88 l46o 265 93 72 
C 2.26 3.91 1730 279 90 78 
D 2.41 4.73 i960 341 88 82 
E 2.6o 4.87 1870 320 93 77 
P 2.4o 4.19 1750 310 92 74 
Mean 2.33 4.16 1770 314 89 72 
A 2.39 3.61 1510 144 49 107 
B 1.51 1.85 1230 l4o 54 105 
C 1.93 2.29 1190 120 72 107 
D 1.46 1.50 1030 134 60 116 
E 2.10 2.53 1200 158 76 94 
F 1.99 2.38 1190 121 57 94 
Mean 1.90 2.36 1220 136 61 104 
A 2.13 2.49 1170 136 113 95 
B 2.23 2.14 960 122 72 119 
C 2.27 2.25 990 126 62 108 
D 2.11 2.17 1030 130 77 93 
E 2.12 2.57 1210 123 77 96 
P 2.29 2.46 1080 123 81 109 
Mean 2.19 2.35 1070 127 80 104 
Table 18. (Continued) 
Yield per culture Elemental composition of 
GaCOg added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matterj mg, P Mn A1 Fe 
exchange acidity g 
A 1.98 2.43 1230 105 47 89 
B 2.21 2.46 1110 143 72 98 
C 1.59 1.00 630 131 61 140 
D 2.04 2.65 1300 116 137 87 
E 2.21 2.71 1230 133 72 89 
F 2.22 3.04 1370 120 79 93 
Mean 2.04 2.38 1250 125 78 99 
A 1.71 1.89 1110 134 72 107 
B 2.15 1.76 820 116 74 112 
C 1.92 1.37 710 156 66 123 
D 1.58 1.50 950 I4l 73 107 
E 1.90 2.03 1070 117 99 110 
F 1.90 2.04 lo8o 117 81 106 
Mean 1.86 1.77 960 130 78 111 
Table 19. Yield and elemental composition of tops of plants grown on Lindley 
silty clay loam in Buckwheat Experiment No. 1 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, P Mh A1 Pe 
exchange acidity g 
A 1.36 0.75 560 760 223 193 
B 1.32 0.93 700 1069 200 213 
C 1.43 1.00 700 873 189 233 
D 1.44 0.97 670 922 240 240 
E 1.38 0.92 670 968 263 270 
F 1.37 0.87 64o 1000 286 263 
Mean 1.38 0.91 660 932 234 235 
A 1.37 0.83 610 455 106 177 
B 1.56 1.04 670 513 133 215 
C 1.41 0.96 680 485 124 240 
D 1.28 0.83 650 445 137 255 
E 1.40 0.90 64o 461 138 233 
F 1.45 0.98 670 461 138 259 
Mean 1.41 0.93 650 470 129 230 
A 1.30 0.84 650 206 69 155 
B 1.38 0.86 620 238 92 105 
C 1.45 0.97 670 225 92 98 
D 1.42 0.79 560 194 60 129 
E 1.33 0.65 490 164 80 155 
F 1.39 0.96 690 250 49 105 
Mean 1.38 0.84 610 213 74 125 
Table 19.  (Continued) 
Yield per culture Elemental composition of 
CaCOo added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, P Mn A1 Fe 
exchange acidity g 
A 1.57 0.91 580 185 48 119 
B 1.34 0.85 640 174 69 125 
C 1.36 0.86 630 161 76 115 
D 1.23 0.83 670 169 64 105 
E 1.49 1.02 680 205 71 113 
F 1.23 0.78 630 184 96 95 
Mean 1.37 0.87 640 180 71 112 
A 1.36 0.88 650 171 54 130 
B 1.14 0.78 690 155 49 146 
C 1.29 0.79 610 173 81 145 
D 1.37 0.86 630 205 60 164 
E 1.36 0.82 610 186 67 167 
F 1.38 0.82 590 166 54 147 
Mean 1.32 0.83 630 176 61 150 
Table 20• Yield and elemental composition of tops of plants grown on Oran silty 
clay loam in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate phosphorus dry matter, ppm 
percentage of . matter, mg, P Mn A1 Pe 
exchange acidity g 
A 2.05 1.45 710 2000 189 167 
B 1.75 1.25 710 1842 280 171 
C 1.92 1.17 610 2000 217 189 
D 1,84 1.50 810 1966 212 191 
E 1.86 1.34 720 1902 200 201 
P 1.43 0.71 500 1442 137 210 
Mean 1.81 1.24 680 i860 206 188 
A 1.84 ' 1.37 740 568 86 137 
B 1.82 1.14 630 770 166 156 
C 1.90 1.21 64o 496 133 176 
D 1.94 1.4o 720 660 146 191 
E 1.74 0.97 560 581 223 195 
P 1.72 1.06 620 422 141 216 
Mean 1.83 1.19 650 583 149 179 
A 1.75 1.22 700 419 94 116 
B 1.84 1.34 730 352 106 73 
C 1.44 0.72 500 301 63 143 
D 1.71 1.15 670 518 143 61 
E 1.66 o.8o 480 306 92 134 
F 1.87 1.18 630 420 132 65 
Mean 1.71 1.07 620 386 105 99 
Table 20. (Continued) 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, P Ï5Ï ÎTI Pe 
exchange acidity g 
A 1.72 1.26 730 291 92 72 
B 1.81 1.45 800 286 92 67 
C 1.82 1.26 690 392 101 84 
D 1.99 1.30 650 328 121 73 
E 1.84 1.38 750 482 162 41 
F 1.50 1.10 730 272 72 104 
Mean 1.83 1.29 730 342 107 74 
A 2.02 1.59 790 186 57 81 
B 1.55 1.12 720 296 69 91 
C 1.59 1.11 700 238 78 85 
D 1.59 1.09 680 298 87 92 
E 1.77 1.14 64o 384 84 101 
F 1.86 1.36 730 24o 70 98 
Mean 1.73 1.23 710 274 74 91 
Table 21. Yield and elemental composition of tops of plants grown on Lamoni clay 
loam in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, P Mh A1 Pe 
exchange acidity g 
A 1,40 0.81 580 690 142 116 
B 1.55 1,00 650 709 166 97 
C 1,48 0,96 650 873 166 88 
D 1.55 1,06 690 715 186 88 
E 1,45 1.13 780 737 138 73 
F 1,42 0,99 700 929 206 62 
Mean 1,48 0,94 670 777 167 87 
A 1.53 1,06 690 162 77 49 
B 1.47 1.05 710 263 86 44 
C 1,66 1,06 640 192 101 70 
D 1,54 1,11 720 198 112 44 
E 1,54 1.25 810 174 86 48 
F 1.37 1.03 750 191 82 41 
Mean 1.52 1,10 720 197 91 49 
A 1,47 1,00 680 165 66 47 
B 1,51 1,10 730 148 85 55 
C 1,66 1,21 730 192 132 50 
D 1.35 1,02 750 151 97 90 
E 1.47 1,02 690 185 132 105 
F 1.77 1,12 640 176 80 75 
Mean 1.54 1,08 700 169 99 70 
Table 21. (Continued) 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, p Mn A1 Pe 
exchange acidity g 
A 1.71 1.33 780 154 67 85 
B 1.52 1.04 680 159 80 41 
C 1.57 1.18 750 156 85 53 
D 1.51 1.24 820 146 114 43 
E 1.6o 1.06 660 160 103 41 
P 1.63 1.07 650 132 88 94 
Mean 1.59 1.15 720 151 89 60 
A 1.44 1.11 770 148 62 77 
B 1.41 0.99 700 141 78 48 
C 1.72 1.09 630 144 78 81 
D 1.64 1.24 750 142 88 81 
E 1.76 1.28 730 131 92 79 
P 1.51 1.07 700 140 84 88 
Mean 1.58 1.13 720 141 80 76 
Table 22. Yield and elemental composition of tops of plants grown on Hagener 
loamy fine sand in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus dry matter, ppm 
percentage of Matter, mg, P Mn A1 Pe 
exchange acidity g 
A 1.81 1.23 680 556 243 54 
B 1.87 1.45 770 354 223 48 
C 1.90 1.40 740 264 172 71 
D 1.90 1.12 590 377 217 54 
E 1.89 0.97 510 470 275 54 
P 1.97 1.35 690 378 217 44 
Mean 1.89 1.25 660 4oo 225 54 
A 1.83 1.10 600 191 118 47 
B 1.66 1.00 600 160 117 32 
C 2.05 1.21 580 163 109 75 
D 1.88 0.97 510 137 109 48 
E 1.49 0.68 46o 145 113 76 
F 1.96 1.24 630 315 189 23 
Mean 1.81 1.03 570 185 126 50 
A 1.82 0.91 500 123 66 41 
B 1.49 0.62 420 160 28 76 
C 1.87 0.81 440 120 72 65 
D 1.82 1.03 560 157 77 68 
E 1.82 1.06 580 130 72 56 
F 1.78 0.80 450 162 86 52 
Mean 1.77 0.87 490 142 67 59 
Table 22. (Continued) 
CaC03 added as Replicate Yield per culture Elemental composition of 
percentage of Dry Phosphorus dry matter, ppm 
exchange acidity matter, mg, P Mh A1 Pe 
g 
A 1.86 0.99 530 126 72 62 
B 1.50 0.77 510 128 61 84 
C 1.88 1.26 670 158 40 50 
D 1.76 1.09 620 127 60 44 
E 1.79 0.89 500 172 50 72 
F 1.67 0.92 550 131 58 54 
Mean 1.74 0.99 560 140 57 61 
A 1.92 1.25 650 138 63 99 
B 2.00 1.26 630 123 59 42 
C 1.94 1.14 590 144 63 48 
D 1.84 1.03 560 171 95 46 
E 1.36 0.62 46o 136 50 80 
F 1.54 0.71 710 127 61 83 
Mean 1.77 1.00 570 l4o 65 66 
Table 23.  Yield and elemental composition of tops of plants grown on Weller silt 
loam in Buckwheat Experiment No. 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus dry matter, ppm 
percentage of matter, mg, P Mn A1 Fe 
exchange acidity g 
A 1.32 0.73 550 2240 183 341 
B 1.46 0.71 490 2200 145 383 
C 1.45 0.89 610 2220 209 495 
D 1.44 0.79 550 2220 167 570 
E 1.74 0.97 560 2224 165 815 
F 1.37 0.95 690 2240 206 705 
Mean 1.30 0.84 580 2228 180 552 
A 1.64 1.21 740 1642 134 296 
B 1.41 0.98 700 1570 144 341 
C 1.40 1.00 710 1258 122 379 
D 1.57 1.13 720 1608 177 443 
E 1.47 0.94 64o 1052 103 390 
F 1.43 1.02 710 1197 105 390 
Mean 1.32 1.05 700 1388 131 377 
A 1.37 0.78 570 248 57 197 
B 1.60 1.04 650 237 58 65 
C 1.41 1.03 730 289 77 153 
D 1.41 0.86 610 198 43 119 
E 1.42 0.90 64o 200 49 94 
F 1.53 1.05 690 246 54 83 
Mean 1.29 0.94 650 236 56 119 
Table 23. (Continued) 
Yield per culture Elemental composition of 
CaCOg added as Replicate %)ry phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Fe 
exchange acidity g 
A 1.68 0.88 530 209 65 54 
B 1.50 0.77 520 245 58 101 
C 1.47 1.05 710 200 60 74 
D 1.44 1.15 800 170 48 56 
£ 1.57 l.o6 68o 164 54 65 
F 1.44 1.05 730 220 57 44 
Mean 1.52 0.95 #6o 201 57 66 
A 1.25 0.88 710 156 45 46 
B 1.48 1.03 700 179 58 44 
C 1.49 1.12 750 185 57 93 
D 1.49 1.03 690 161 57 99 
E 1.73 1.26 730 195 57 83 
F 1.42 1.15 810 182 62 38 
Mean 1.48 1.04 730 176 56 67 
Table 24, Yield and elemental composition of tops of plants grown on Adair loam 
in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mh A1 Pe 
exchange acidity g 
A 2.34 5.88 2510 575 63 80 
B 2,27 5.23 2300 540 82 72 
C 2.38 5.29 2220 616 89 112 
D 2.29 4,90 2140 452 86 69 
E 2.12 6,20 1980 496 65 53 
F 2.43 5.37 2210 458 80 43 
Mean 2.31 5.14 2230 523 78 72 
A 2.20 3.98 1810 174 82 128 
B 2.62 5.19 1980 163 44 158 
C 2,00 3.85 1930 127 83 126 
D 2.11 3.88 1840 198 104 111 
E 2,04 3.41 1670 211 113 106 
F 2,21 3.58 1620 172 67 139 
Mean 2,20 3.98 1810 174 82 128 
A 2,34 4,16 1280 114 54 148 
B 2,00 3.69 1790 110 56 129 
C 2,18 4,01 1840 128 86 139 
D 2,08 3.48 1670 148 86 128 
E 2,25 3.89 1730 129 85 68 
F 2,29 4.14 1810 132 86 139 
Mean 2,20 3.89 1770 127 76 125 
Table 24. (Continued) 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Pe 
exchange acidity g 
A 2.11 1.53 1670 105 77 150 
B 2.03 2.78 1370 109 90 164 
C 2.32 3.64 1570 139 81 139 
D 2.11 3.21 1520 111 74 153 
E 2.12 3.10 l46o 123 72 158 
P 2.09 3.50 1670 139 77 137 
Mean 2.13 3.29 1540 121 79 150 
A 2.17 3.89 1790 83 69 167 
B 2.12 3.27 1540 93 65 185 
C 2.23 3.86 1730 71 69 177 
D 2.33 3.68 1580 83 86 195 
E 2.34 3.74 1600 88 78 168 
F 2.10 3.40 1620 66 73 141 
Mean 2.22 3.64 1640 81 73 172 
Table 25. Yield and elemental composition of tops of plants grown on Rathbun 
silt loam in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate phosphorus, dry matter, ppm 
percentage of matter. mg P Mn A1 Pe 
exchange acidity g 
A 1.72 0.74 430 585 226 86 
B 1.61 0.73 450 548 217 103 
C 1.46 0.66 450 585 194 122 
D 1.67 0.74 440 774 286 95 
E 1.63 0.73 450 638 292 127 
F 1.55 0.72 470 535 166 l4o 
Mean 1.34 0.72 450 611 230 112 
A 1.48 0.69 470 291 183 117 
B 1.63 0.69 420 293 137 116 
C 1.62 0.68 420 259 134 146 
D 1.63 0.77 470 259 132 161 
E 1.47 0.65 440 348 160 159 
P 1.76 0.74 420 245 92 165 
Mean 1.6o 0.70 440 283 140 144 
A 1.65 0.69 420 145 85 133 
B 1.45 0.63 440 223 108 168 
C 1.46 0.65 450 218 172 162 
D 1.72 0.78 450 168 108 161 
E 1.43 0.69 480 283 136 158 
P 1.63 0.76 470 234 132 189 
Mean 1.56 0.70 450 212 124 162 
Table 25. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Pe 
exchange acidity g 
A 1.57 0.64 410 137 58 139 
B 1.67 0.72 430 158 65 153 
C 1.51 0.67 44o 183 93 159 
D 1.54 0.65 620 149 67 165 
E 1.44 0.52 360 168 72 179 
F 1.39 0.52 380 174 94 186 
Mean 1.52 0.62 410 162 75 163 
A 1.52 0.62 410 161 56 124 
B 1.34 0.58 430 151 62 149 
C • 1.53 0.65 430 160 53 156 
D 1.33 0.54 410 154 99 155 
E 1.52 0.67 440 216 123 176 
P 1.47 0.59 400 147 69 170 
Mean 1.45 0.61 420 164 77 155 
Table 26, Yield and elemental composition of tops of plants grown on Caleb 
gritty silt loam in Buckwheat Experiment No. 1 




Yield per culture Elemental composition of 
dry matter, ppm 
matter, 
g 
mg P Mn A1 Pe 
A 2.34 3.16 135 325 91 40 
B 2.41 3.15 131 353 112 35 
C 2.54 3.30 131 331 104 35 
D 2.34 3.30 141 377 107 26 
E 2.58 3.29 120 355 136 15 
F 2.51 3.18 127 374 130 38 
Mean 2.45 3.23 132 349 114 31 
A 2.15 3.27 152 150 80 41 
B 2.30 3.22 140 130 97 53 
0 2.19 2.95 135 130 106 42 
D 2.27 3.03 133 l6o 67 49 
E 2.44 3.22 132 l6o 114 47 
P 2.55 3.25 138 154 124 25 
Mean 2.28 3.16 138 151 98 43 
A 2.14 3.07 144 123 89 50 
B 2.43 3.69 152 128 97 45 
C 2.44 3.68 151 144 85 50 
D 2.28 3.49 153 128 96 35 
E 2.27 3.62 159 119 92 46 
P 2.29 3.44 150 102 88 49 
Mean 2.31 3.50 152 124 91 46 
20 
40 
Table 26. (Continued) 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Dry Phosphorus, dry matter. ppm 
percentage of matter mg P Mn A1 Fe 
exchange acidity g 
60 A 2.32 3.32 145 120 66 59 
B 2.44 3.31 136 98 91 54 
C 2.46 3.50 142 109 79 62 
D 2.33 2.98 128 130 94 46 
E 2.39 3.13 131 113 79 53 
P 2.65 3.68 139 119 100 37 
Mean 2.43 3.32 136 115 85 52 
100 A 2.39 3.38 141 107 73 50 
B 2.41 3.31 137 107 66 50 
C 2.48 3.13 126 88 62 46 
D 2.17 2.60 124 123 89 54 
E 2.25 3.27 105 113 95 38 
F 2.32 3.62 156 104 83 38 
Mean 2.34 3.23 138 107 78 46 
Table 27. Yield and elemental composition of tops of plants grown on Kenyon loam 
in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mh A1 Pe 
exchange acidity g 
A 1.28 1.63 1270 717 133 124 
B 1.15 0.89 780 507 127 173 
C 1.26 1.70 1350 878 149 150 
D 1.13 1.64 1430 737 150 125 
E 1.39 1.66 1190 878 160 153 
F 1.32 1.42 1080 754 144 145 
Mean 1.24 1.49 1190 745 144 145 
A 0.95 1.09 1150 552 110 147 
B 1.05 1.11 1050 313 135 176 
C 1.00 0.90 900 349 188 170 
D 1.00 0.90 900 312 142 165 
E 1.02 1.08 1060 372 153 189 
P 0.98 1.04 1070 381 154 191 
Mean 1.00 1.02 1020 380 147 173 
A 1.01 0.96 950 300 109 170 
B 0.89 1.27 1420 299 119 141 
C 1.09 1.20 1110 259 157 177 
D 1.17 1.03 1110 249 180 203 
E 1.08 1.02 950 234 154 207 
P 1.01 0.84 830 239 106 218 
Mean 1.04 1.05 1020 263 138 186 
Table 27. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Fe 
exchange acidity g 
A 1.02 1.11 lo8o 249 134 167 
B 0.86 1.29 1500 241 103 158 
C 0.92 0.96 lo4o 247 137 X77 
D 0.98 1.23 1260 270 149 189 
E 0.97 1.14 1170 290 137 167 
P 0.95 0.92 970 239 120 204 
Mean 0.95 1.11 1170 256 130 177 
A 0.83 1.22 1470 244 79 162 
B 1.00 1.01 1010 315 128 183 
C 0.84 0.78 930 355 77 173 
D 1.09 1.13 lo4o 232 124 201 
E 0.90 1.08 1200 285 129 183 
P 0.84 0.93 1110 273 114 201 
Mean 0.92 1.03 1130 284 109 184 
Table 28. yield and elemental composition of tops of plants grown on Kniffin silt 
loam in Buckwheat Experiment No. 1 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Pe 
exchange acidity g 
A 2.22 2.99 1350 411 66 32 
B 2.26 2.99 1320 374 62 9 
C 2.47 3.23 1310 396 67 10 
D 2.40 3.01 1250 369 56 20 
E 2.36 3.45 1460 442 66 29 
F 2.16 2.28 1050 496 58 26 
Mean 2.31 2.99 1290 415 63 21 
A 2.28 2.38 1040 263 72 87 
B 2.04 1.64 800 286 71 236 
C 2.16 2.64 1220 291 72 94 
D 2.30 2.82 1230 272 100 80 
E 1.83 1.64 900 349 120 45 
F 2.27 2.27 1000 252 84 92 
Mean 2.15 2.23 1030 286 86 106 
A 2.33 2.46 1050 228 84 228 
B 2.24 2.22 990 244 100 115 
C 2.23 2.34 1050 210 90 83 
D 1.89 2.03 1080 244 120 96 
E 2.45 2.58 1050 266 89 69 
F 2.33 2.56 1100 268 69 52 
Mean 2.25 2.36 1050 243 92 107 
Table 28. (Continued) 
Yield per culture Elemental composition of 
CaCOg added as Replicate phosphorus, dry matter, ppm 
percentage of matter, mg P Mn A1 Pe 
exchange acidity g 
A 2.15 1.21 560 292 98 124 
B 2.08 1.47 710 202 57 79 
C 2,00 2.25 1130 156 59 74 
D 2.23 2.28 1020 237 74 68 
E 1.74 1.38 790 X91 84 101 
P 1.65 1.00 600 193 112 122 
Mean 1.98 1.60 800 212 82 95 
A 1.94 2.00 1030 185 55 88 
B 1.98 2.06 1040 194 63 102 
C 2.04 1.96 960 228 74 66 
D 2.14 2.29 1070 172 117 71 
E 1.99 1.99 1000 206 20 , 57 
P 2.31 2.29 990 182 67 92 
Mean 2.07 2.10 1020 194 66 79 
109 
Table 29, Yield and elemental composition of tops of plants 
grown on sand in Buckwheat Experiment No, 1 
Yield per culture Elemental composition of 
Replicate Dry phosphorus, dry matter, ppm 
matter, 
g 
mg P Mn A1 Pe 
CB 9A 1,44 0.72 500 160 
IB 1.27 0.65 510 183 » 58 
90 1.39 0.58 420 134 - 67 
9D 1.35 0,72 540 152 40 46 
9E 1.38 0.68 490 120 39 51 
9P 1.56 0.64 450 122 . — 
9G 1.46 0,60 410 159 52 -
9H 1.40 0.67 48o 153 58 
91 1.34 0.63 470 172 53 52 
9J 1.21 0.71 580 174 38 61 
9K 1.35 0.70 520 146 44 55 
9L 1.31 0.61 46o 177 38 57 
PL 9A 1.32 0.66 550 180 
9B 1.48 0.69 460 149 45 51 
90 1.49 0.72 48o 179 58 51 
9D 1.53 0.63 410 160 59 54 
9E 1.33 0.71 540 149 39 70 
9P 1.50 0.59 390 155 59 56 
9G 1.56 0.69 440 181 62 
9H 1.47 0.65 440 188 — 60 
91 1.50 0.64 430 169 48 56 
9J 1.25 0.51 410 200 46 60 
9K 1.23 0.65 530 197 30 62 
9L 1.50 0.63 420 170 50 58 
9M 1.42 0.65 46o 196 52 
9N 1.46 0.62 420 162 44 54 
90 1.29 0.61 470 212 63 64 
Mean 1.4o 0.65 470 166 47 57 
Table 30.  Yield and elemental composition of tops of plants grown on Okoboji silty 
clay loam in Buckwheat Experiment No, 2 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 2.04 3.91 1920 192 
B 2.37 4.00 1690 193 
C 2.37 4.10 1730 208 
D 2.28 3.71 1630 208 
E 2.59 4.26 1650 224 
P 2.66 4.03 1510 204 
Mean 2.39 4.00 1690 205 
A 2.38 3.21 1350 140 
B 2.10 2.99 1430 187 
C 2.29 2.79 1220 165 
D 2.11 2.93 1390 185 
E 1.71 2.52 1470 216 
P 2.21 3.57 1610 224 
Mean 2.13 3.00 1410 186 
A 2.30 2.93 1270 135 
B 1.99 3.02 1520 230 
C 1.93 2.97 1540 181 
D 2.10 3.29 1570 178 
E 2.20 3.56 1620 173 
P 2.25 3.09 1370 225 
Mean 2.13 3.14 l48o 187 
Table 30. (Continued) 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Phosphorus, dry matter, ppm 
percentage of matter. mg P Mn 
exchange acidity g 
A 2.73 4.30 1570 123 
B 2.05 3.39 1650 152 
C 2.33 3.33 1430 152 
D 1.88 2.55 1360 147 
E 2.32 3.50 1510 177 
P 1.85 2.57 1390 139 
Mean 2.19 3.27 1490 148 
A 2.03 2.82 1390 125 
B 2.03 3.24 1590 119 
C 1.87 3.13 1670 121 
D 1.88 3.17 1690 169 
E 2.02 3.15 1560 150 
F 1.80 3.17 1760 115 
Mean 1.94 3.11 1610 133 
Table 31. Yield and elemental composition of tops of plants grown on Lindley loam 
in Buckwheat Experiment No. 2 
Yield per culture Elemental composition of 
CaCOo added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P MA 
exchange acidity g 
A 1.20 0.74 620 630 
B 1.36 0.79 580 387 
C 1.45 0.87 600 687 
D 1.28 0.72 560 646 
E 1.58 0.94 590 477 
P 1.20 0.65 550 422 
Mean 1.35 0.79 580 562 
A 1.40 0.69 490 274 
B 1.33 0.65 490 189 
C 1.59 0.82 520 279 
D 1.44 0.77 530 250 
E 1.56 0.81 520 254 
F 1.50 0.76 510 298 
Mean 1.47 0.75 510 258 
A 1.22 0.58 470 190 
B 1.05 0.46 430 153 
C 1.43 0.66 46o 173 
D 1.24 0.61 490 185 
E 1.33 0.70 530 181 
P 1.18 0.51 430 170 
Mean 1.24 0.59 470 175 
Table 31. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate phosphorus, dry matter, ppm. 
percentage of matter, mg P l-tti 
exchange acidity g 
A 1.14 0.48 420 95 
B 1.26 0.47 370 114 
C 1.45 0.61 420 126 
D 1.44 0.75 520 164 
E 1.41 0.69 490 140 
F 1.26 0.57 46o 109 
Mean 1.33 0.60 450 124 
* 
A 1.22 0.43 350 134 
B 1.18 0.56 470 157 
C 1.40 0.65 470 110 
D 1.32 0.58 440 131 
E 1.36 0.68 500 107 
F 1.36 0.74 540 128 
Mean 1.31 0.61 46o 128 
*Fungal growth on soil surface during incubation. 
Table 32. Yield and elemental composition of tops of plants grown on Oran loam 
in Buckwheat Experiment No. 2 








Elemental composition of 
dry matter, ppm 




A 1.72 0.84 490 693 
B 1,64 1.01 620 642 
C 1.73 0.96 560 931 
D 1.60 1.08 670 1293 
E 1.83 1.38 750 1258 
F 1.44 1.00 690 752 
Mean 1,66 1,04 693 928 
A 1.72 1.01 590 308 
B 1,69 1.17 690 341 
C 1,29 0.85 660 560 
D 1.47 0.87 590 536 
E 1.71 1.09 640 468 
P 1.45 0.87 600 349 
Mean 1.56 0.98 630 427 
A 1.40 0.94 670 202 
B 1.57 1.20 770 305 
C 1.57 1.22 780 299 
D 1.44 1.09 750 309 
E 1.79 1.09 610 587 
F 1.76 1.36 770 220 
Mean 1.59 1.15 730 320 
Table 32.  (Continued) 
Yield per culture Elemental composition of 
CaCOo added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.42 1.01 710 266 
B 1.57 1.23 780 285 
C 1.30 1.01 770 219 
D 1.43 0.85 600 331 
E 1.36 0.78 570 241 
F 1.43 1.20 840 253 
Mean 1.42 1.01 710 266 
A 1.44 0.86 600 205 
B i.28 0.75 590 183 
C 1.58 1.16 740 162 
D 1.44 1.21 840 180 
E 1.72 1.30 750 355 
F 1.12 0.53 470 148 
Mean 1.43 0.97 660 206 
Table 33. Yield and elemental composition of tops of plants grown on Lamoni clay 
loam in Buckwheat Experiment No, 2 








Elemental composition of 
dry matter, ppm 
P Mh 
20 
A 1.47 0.78 530 
B 1.55 0.80 520 
C 1.45 0.82 560 
D 1.51 0.87 570 
E 1.55 0.81 530 
F 1.31 0.59 450 
Mean 1.47 0.78 530 
A 1.49 0.82 550 
B 1.37 0.66 480 
C 1.47 0.77 520 
D 1.24 0.62 500 
E 1.51 0.73 480 
P 1.48 0.76 510 

















Fungal growth on soil surface during incubation. 
Table 33,  (Continued) 
Yield per culture Elemental composition of 
CaCOo added as Replicate Dry Phosphorus, dry matter. ppm 
percentage of matter. mg P Mn 
exchange acidity g 
40 A 1.32 0.81 610 221 
B 1.51 0.85 560 . 210 
C 1.74 1.21 690 159 
D 1.31 0.77 64o 152 
E 1.37 0.91 660 161 
F 1.23 0.57 470 304 
Mean 1.41 0.85 610 201 
60 A 1.36 1.00 730 145 
B 1.35 0.91 670 164 
C 1.34 0.73 550 203 
D 1.60 1.00 630 119 
E 1.23 0.80 650 161 
F 1.03 0.62 600 174 
Mean 1.32 0.84 64o 161 
100 A 1.04 0.45 430 117 
B 1.49 0.90 600 174 
C 1.46 0.76 520 140 
D 1.37 0.73 530 130 
E 1.47 0.89 600 136 
P 1.12 0.72 640 204 
Mean 1.33 0.74 560 150 
*Fungal growth on soil surface during incubation. 
Table 3^. Yield and"elemental composition of tops of plants grown on Hagener loamy 
fine sand in Buckwheat Experiment No, 2 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.83 , 2.85 1560 441 
B 1.68 1.99 1190 424 
C 1.98 2.25 ll4o 454 
D 1.74 2.77 1590 391 
E 1.78 2.59 1450 377 
F 1.95 2.63 1350 441 
Mean 1.83 2.51 1380 421 
A 1.86 1.61 870 321 
B 1.4o 0.78 560 152 
C 1.96 1.73 880 362 
D 1.78 1.49 840 242 
E 1.66 1.07 650 242 
F 1.89 1.70 900 4o8 
Mean 1.76 1.4o 780 288 
A 1.56 0.99 630 135 
B 1.89 1.14 600 105 
C 1.70 1.23 720 170 
D 1.64 1.13 690 157 
E 1.48 0.77 520 106 
F 1.70 0.99 580 159 
Mean 1.66 1.04 630 139 
Table 34. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.11 0.49 440 117 
B 1.29 0.75 580 135 
C 1.26 0.80 640 108 
D 1.46 0.90 620 145 
E 1.47 0.78 530 131 
P 1.35 0.86 64o 169 
Mean 1.32 0.76 570 134 
A 1.42 0.86 610 94 
B 1.23 0.64 520 66 
C 1.19 0.58 480 88 
D 1.53 0.82 540 ' 66 
E 1.54 0.94 610 66 
F 1.16 0.68 590 53 
Mean 1.33 0.75 560 72 
Table 35 . Yieig and elemental composition of tops of plants grown on Weller sllt 
loam in Buckwheat Experiment No. 2 
J Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P 
exchange acidity g 
A 1.51 1.10 730 2103 
B 1.30 1.01 780 1309 
C 1.45 1.06 730 1612 
D 1.33 0.92 690 1269 
E 1.18 1.05 890 1892 
F 1.54 1.00 650 1546 
Mean 1.39 1.02 740 1622 
A 1.40 0.85 610 357 
B 1.50 0.98 650 1113 
C 1.56 0.91 590 422 
D 1.48 0.95 640 600 
E 1.64 1.00 610 608 
F 1.41 0.84 600 394 
Mean 1.50 0.92 620 582 
*Fungal growth on soil surface during incubation, particularly on replicate A, 
100 treatment. 
Table 35. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.40 0.78 560 192 
B 1.92 1.36 710 422 
C 1.21 0.91 750 237 
D 1.42 1.07 750 576 
E 1.48 1.04 700 163 
F 1.57 0.80 510 505 
Mean 1.50 0.99 660 349 
A 1.33 1.13 850 162 
B 1.66 1.15 690 163 
C 1.85 1.38 750 259 
D 1.40 0.89 630 192 
E 1.31 1.10 840 136 
F 1.69 1.14 670 321 
Mean 1.54 1.13 740 206 
A 1.43 1.14 790 104 
B 1.57 1.00 640 128 
C 1.61 1.10 680 176 
D 1.50 0.90 600 145 
E 1.74 1.12 650 130 
F 1.82 1.29 710 124 
Mean 1.61 1.09 680 134 
Table 36 . Yield and elemental composition of tops of plants grown on Adair loam 
in Buckwheat Experiment No, 2 
Yield per culture Elemental composition of 
CaCOo added as Replicate Dry phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 2.51 4.98 1980 238 
B 2.25 4.76 2120 281 
C 2.35 5.41 2300 285 
D 2.42 5.29 2190 288 
E 2.41 4.73 i960 265 
F 2.55 4.41 1730 224 
Mean 2.42 4.93 2050 264 
A 2.25 4.49 1990 222 
B 2.54 3.96 1560 268 
C 2.57 4.11 1600 257 
D 2.28 3.53 1550 260 
E 1.58 2.33 1470 185 
P 2.23 3.28 1470 164 
Mean 2.24 3.62 1610 226 
A 2.31 3.62 1570 159 
B 2.35 3.93 1670 143 
C 2.22 3.37 1520 164 
D 2.21 3.21 1450 172 
E 2.42 3.38 l4oo 146 
P 2.34 4.19 1790 168 
Mean 2.31 3.62 1570 159 
Table 3 6 ,  (Continued) 
yield per culture Elemental composition of 
CaCOo added as Replicate Dry phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 2.08 3.56 1240 159 
B 1.91 3.42 1790 187 
C 2.12 4.37 2060 157 
D 2.42 3.68 1520 146 
E 2.48 4.4o 1780 178 
F 2.23 3.44 1540 178 
Mean 2.25 3.81 1700 168 
A* 2.08 2.58 1240 147 
B 2.15 3.03 1410 122 
C 2.36 2.99 1270 123 
D 1.95 3.06 1570 166 
E 2.01 2.42 1200 193 
P 2.10 2.82 1300 150 
Mean 2.11 2.82 1340 150 
*Pungal growth on soil surface during incubation 
Table 37. Yield and elemental composition of tops of plants grown on Rathbun silt 
loam in Buckwheat Experiment, No. 2 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.30 0.51 390 317 
B 1.24 0.55 440 551 
C 1.22 0.54 44o 429 
D 1.37 0.54 390 618 
E 1.20 0.52 430 560 
F 1.33 0.52 390 461 
Mean 1.28 0.53 410 490 
A 1.21 0.46 380 168 
B 1.31 0.51 390 174 
C 1.15 0.42 370 190 
D 1.26 0.49 390 143 
E 1.18 0.45 380 193 
F 1.11 0.43 390 124 
Mean 1.20 0.46 380 165 
A 1.11 0.46 420 128 
B 1.44 0.65 450 145 
C 1.20 0.46 390 138 
D 1.21 0.51 420 128 
E 1.19 0.48 410 143 
F 1.09 0.40 360 108 
Mean 1.21 0.49 410 132 
Table 37. (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.11 0.40 360 160 
B 1.28 0.52 410 118 
C 1.22 0.53 430 160 
D 1.29 0.54 420 148 
E 1.28 0.50 390 152 
F 1.10 0.46 420 156 
Mean 1.21 0.49 400 149 
A 1.45 0.61 420 148 
B 1.23 0.53 430 139 
C 1.21 0.49 410 206 
D 1.47 0.60 410 138 
E 1.26 0.52 410 149 
F 1.20 0.49 410 170 
Mean 1.30 0.54 410 158 
Table 38, Yield and elemental composition of tops of plants grown on Caleb gritty 
silt loam in Buckwheat Experiment No. 2 
Yield per culture Elemental composition of 
CaCOg added as Replicate j)j,y phosphorus dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 2.27 2.92 1290 241 
B 2.45 2.79 1140 205 
0 2.26 2.85 1260 234 
D 1.84 2.59 1410 325 
E 2.33 2.51 1080 195 
F 2.03 2.64 1300 252 
Mean 2.20 2.72 1250 242 
A 1.90 1.78 940 129 
B 2.02 2.00 990 146 
C 1.85 1.86 1000 l4o 
D 2.07 2.04 990 88 
E 2.01 1.98 990 138 
F 2.02 2.02 1000 143 
Mean 1.98 1.95 980 131 
A 1.04 0.89 850 120 
B 1.87 1.93 1030 112 
0 2.02 2.04 1010 125 
D 1.92 2.01 1050 97 
E 2.16 2.08 960 107 
F 2.23 2.09 940 110 
Mean 1.87 1.84 970 112 
Table 3 8 ,  (Continued) 
Yield per culture Elemental composition of 
CaC03 added as Replicate phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.97 1.84 940 119 
B 1.89 2.15 1140 176 
C 2.08 2.24 1080 103 
D 1.98 2.24 1130 116 
E 2.15 2.36 1100 107 
F 2.02 1.92 950 133 
Mean 2.02 
(M t—1 CM 
1050 126 
A 1.81 1.91 1050 123 
B 2.13 2.04 960 110 
C 2.19 2.22 1020 107 
D 2.10 2.23 1060 82 
E 1.95 1.63 840 108 
P 2.06 2.10 1020 116 
iîean 2.04 2.02 990 108 
Table 39. Yieig and elemental composition of tops of plants grown on Kenyon 
loam in Buckwheat Experiment No, 2 
Yield per culture Elemental composition of 
CaCO^ added as Replicate phosphorus, dry matter, ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 2.08 1.33 64o 456 
B 1.43 0.91 64o 427 
C 1.40 0.87 620 436 
D 1.74 1.18 680 483 
E 1.93 1.16 600 573 
F 1.32 0.66 500 343 
Mean 1.65 1.02 610 453 
A 1.38 1.23 890 387 
B • 1.31 0.95 720 325 
C 1.02 0.85 830 243 
D 1.09 1.08 990 252 
E 1.19 0.93 780 316 
F 1.11 0.76 690 4o8 
Mean 1.18 0.96 820 322 
* 
Fungal growth on soil surface during incubation. 
Table 39, (Continued) 
Yield per culture Elemental composition of 
CaCOg added as Replicate Dry Phosphorus, dry matter/ ppm 
percentage of matter, mg P Mn 
exchange acidity g 
A 1.00 0.70 700 250 
B 1.07 0.97 900 362 
C 0.82 0.89 1080 227 
D 1.03 1.18 1150 322 
E 1.17 1.14 970 281 
F 1.08 0.71 650 258 
Mean 1.03 0.93 910 283 
A 0.80 0.99 1870 298 
B 0.85 1.00 1170 280 
C 0.90 0.99 1100 238 
D 0.94 0.91 1000 266 
E 0.70 0.87 1240 294 
P 0.84 1.28 1520 256 
Mean 0.84 H 0 0 1210 272 
A 0.71 0.66 940 217 
B 0.81 1.07 1320 270 
C 0.79 0.67 850 197 
D 1.10 1.33 1210 287 
E 0.92 1.20 1310 271 
F 1.06 1.34 1300 209 
Mean 0.90 1.05 1160 243 
Table 4o. Yield and elemental composition of tops of plants grown on Kniffln 
silt loam in Buckwheat Experiment No, 2 
Yield per culture Elemental composition of 
CaCO^ added as Replicate Dry Phosphorus, dry matter, ppm 
percentage of matter, rag P Mn 
exchange acidity g 
A 1.99 1.87 940 492 
B 1.90 1.86 980 364 
C 1.74 1.63 940 293 
D 1.94 1.79 920 469 
E 1.55 1.78 1150 454 
F l.6o 1.65 1030 • 415 
Mean 1.79 1.76 990 415 
A 1.83 1.29 700 330 
B 1.48 1.20 810 402 
C 1.78 1.37 770 296 
D 1.68 1.21 720 333 
E 1.44 1.28 890 344 
F 1.62 1.48 910 395 
Mean 1.64 1.31 800 350 
A 1.59 1.18 740 . 249 
B 1.81 1.40 770 213 
C 1.81 1.61 890 297 
D 1.64 1.57 960 372 
E 1.63 1.54 950 249 
F 1.41 1.10 780 278 
Mean 1.65 1.40 850 276 
Table 40. (Continued) 








Elemental composition of 
dry matter, ppm 
P Mn 
A 1.67 1.61 970 272 
B 1.44 1.05 730 261 
C 1.70 1.68 990 299 
D 1.60 1.12 700 297 
E 1.59 1.53 970 255 
F 1.52 1.08 710 307 
Mean 1.59 1.35 840 282 
A 1.48 1.15 780 218 
B 1.35 1.05 780 264 
C 1.64 1.31 800 245 
D 1.58 1.60 • 1010 332 
E 1.05 0.96 910 200 
P 1.41 1.23 870 262 
Mean 1.42 1.22 860 262 
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Table 41, Yield and elemental composition of tops of plants 









Elemental composition of 
dry matter, ppm 
P Mn 
CI 1.10 0.47 470 158 
02 1.00 0.39 390 165 
03 1.04 0.47 470 212 
C4 1,14 0.49 490 163 
cE 
1.16 0.47 470 125 
1.31 0.48 48o 119 
C7 0.96 0.40 400 119 
08 1.03 0.45 450 126 
09 1.13 0.47 470 136 
010 1.27 0.54 540 138 
Oil 1.15 0.47 470 126 
012 1.05 0.48 48o 144 
037 1.06 0.34 340 146 
038 1.01 0.43 430 111 
039 1.18 0.46 46o 114 
045 1.40 0.50 500 138 
Mean 1.13 0.46 460 140 
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Table 42* Yield of dry matter In tops of plants grown on 
soils treated with calcium carbonate equivalent to 
different proportions of the exchange acidity in 
Buckwheat Experiment No. 1 
Grama of dry matter per culture with CaCO? 
equivalent to indicated percentage of 
Soil exchange acidity 
0 20 40 60 100 
Okoboji 2.33 1.90 2.19 2.04 1.86 
Llndley 1.38 1.41 1.38 1.37 1.32 
Gran 1.81 1.83 1.71 1.83 1.73 
Lamonl 1.48 1.52 1.54 1.59 1.56 
Hagener 1.89 1.81 1.77 1.74 1.77 
Weller 1.30 1.32 1.29 1.52 1.48 
Adair 2.31 2.20 2.20 2.13 2.21 
Rathbun 1.34 1.60 1.56 1.52 1.45 
Caleb 2.45 2.28 2.31 2.43 2.34 
Kenyon 1.24 1.00 1.04 0.95 0.92 
Kniffln 2.31 2.15 2.25 1.98 2.07 
Mean 1.80 1.53 1.75 1.74 1.51 
Minimum 1.24 1.00 1,04 0.95 0.92 
Maximum 2.45 2.28 2.34 2.43 2.34 
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Table 43 Yield of dry matter In tops of planta grown on 
soils treated with calcium carbonate equivalent 
to different proportions of the exchange acidity 
In Buckwheat Experiment No. 2 
Grans of dry natter per culture with CaCO? 
equivalent to indicated percentage of ^ 
Soil escliange acidity 
0 20 4o 6o 100 
Okoboji 2.39 2.13 2.13 2.19 1.94 
Lindlcy 1.35 1.47 1.24 1.33 „ 1.31 
Gran 1.66 1.56 1.59 1.42 1.43 
Laacnl 1.47 1.43 1.42 1.32 1.33 
Hagener 1.83 1.76 1.66 1.32 1.34 
V/eller 1.39 1.50 1.50 1.54 1.61 
Adair ' 2.42 2.24 2.31 2.25 2.11 
Rathbun 1,28 1,20 1,21 1.21 1.30 
Caleb 2.20 1.93 1.87 2.02 2.04 
Kenyon 1.65 1.18 1.03 0.84 0.90 
Kniffin 1.79 1.64 1.65 1.59 1.42 
Mean 1.77 1,64 1.6o 1.55 1.52 
Minlaua 1.28 1.18 1.03 0.84 0.90 
Maximum 2.42 2.24 2.30 2.25 2.11 
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Table 44, Increase in yield of phosphorus in tops of plants 
due to growth of plants on soils treated with 
calcium carbonate equivalent to different pro­
portions of the exchange acidity in Buckwheat 
Experiment No. 1 
Milligrams of phosphorus in plant tops from 
soil per culture* with CaCO? equivalent to 
indicated percentage of exchange acidity 
0 20 40 60 100 
Okoboji 3.54 2.54 2.68 2.81 2.65 
Lindley 0.33 0.29 0.13 0.14 0.15 
Oran 0.58 0.52 0.69 0.55 0.51 
Lamoni 0.32 0.27 0.39 0.38 0.28 
Hagener 2.05 0.94 0.58 0.30 0.29 
Weller 0.56 0.46 0.53 0.67 0.63 
Adair 4.47 3.16 3.16 3.35 2.36 
Rathbun 0.07 0.00 0.03 0.03 0.08 
Caleb 2.26 1.49 1.38 1.66 1.56 
Kenyon 0.56 0.51 0.47 0.54 0.59 
Kniffin 1.30 0.85 0.94 0.89 0.76 
Mean • 1.46 1.00 1.00 1.03 0.90 
*yi - ysj where yi - total phosphorus in plants grown on 
soil and y^ = total phosphorus in plants grown on sand controls 
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Table 45. Increase in yield of phosphorus in tops of plants 
due to growth of plants on soils treated with 
calcium carbonate equivalent to different pro­
portions of the exchange acidity in Buckwheat 
Experiment No, 2 
Milligrams of phosphorus in plant tops from 
soil per culture with CaC03 equivalent to 
indicated percentage of exchange acidity 
0 20 40 6o 100 
Okoboji 3,54 2.54 2.68 2.81 2.65 
Llndley 0.33 0.29 0.13 0.14 0.15 
Oran 0.58 0.52 0.69 0.55 0.51 
Lamoni 0.32 0.27 0.39 0.38 0.28 
Hagener 2.05 0.94 0.58 0.30 0.29 
Weller 0.*56 • 0.46 0.53 0.67 0.63 
Adair 4.47 3.16 3.16 3.35 2.36 
Rathbun 0.07 0.00 0.03 0.03 0.08 
Caleb 2.26 1.49 1.38 1.66 1.56 
Kenyon 0.56 0.51 0.47 0.54 0.59 
Kniffin 1.30 0.85 0.94 0.89 0.76 
Mean 1.46 . 1.00 1.00 1.03 0.90 
*^ 1 " Yg; where = total phosphorus in plantsgrown on 
soil and yg = total phosphorus in plants grown on sand controls 
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Table 46, Relative yield of phosphorus in tops of plants due 
to growth of plants on soils treated with calcium 
carbonate equivalent to different proportions of 
the exchange acidity in Buckwheat Experiment No, 1 
Relative yield of phosphorus fromasoil with 
GaCO? equivalent to indicated percentage of 
Soil exchange acidity 
0 20 40 6o loo 
Okoboji 100 50 49 50 33 
Llndley 100 108 94 88 74 
Oran 100 81 65 99 86 
Lamoni 100 143 138 157 151 
Hagener 100 68 30 62 63 
Weller 100 178 137 137 174 
Adair 100 75 75 6o 67 
Rathbun 100 87 87 33 27 
Caleb 100 97 110 103 100 
Kenyon 100 50 52 59 50 
Kniffln 100 69 74 43 63 
Mean 100 91 83 81 80 
*(100)(y^  - yg)/(yQ - yg) where y^  . yield of phosphorus 
with CaCOg additions equivalent to 0, 20, 4o, 6o, or 1000 of 
the exchange acidity, y^ = yield of phosphorus with no CaCO^ 
added, and yg = yield of phosphorus on sand controls. 
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Table 47. Relative yield of phosphorus in tops of plants due 
to growth of plants on soils treated with calcium 
carbonate equivalent to different proportions of 
the exchange acidity in Buckwheat Experiment No, 2 
Relative yield of phosphorus from soil with 
CaCOo equivalent to indicated percentage of 
exchange acidity 
0 20 4o 60 100 
Okoboji 100 . 72 76 • 79 75 
Lindley 100 88 39 42 46 
Oran 100 90 119 95 88 
Lamoni 100 84 122 119 88 
Hagener 100 46 28 15 14 
Weller 100 82 95 120 113 
Adair 100 71 71 75 53 
Rathbun 100 0 43 43 114 
Caleb 100 66 62 74 69 
Kenyon 100 91 CO
 
96 105 
Kniffin 100 65 72 68 58 
Mean 100 69 69 71 62 
(I00)(yi - ys)/(yo ~ s^) where y^  ^ = yield of phosphorus 
with CaCOg additions equivalent to 0, 20, 40, 6o,-or lOO^ i of 
the exchange acidity, y^ = yield of phosphorus with no CaCOo 
added, and yg - yield of phosphorus on sand controls. 
I 
Table 48. Mean yield of phosphorus in tops of plants on eleven soils, each 
treated with calcium carbonate equivalent to different proportions 
of the exchange acidity, in excess of the yields of phosphorus in the 
tops of plants on control sand cultures without soil in two experi­
ments with Buckwheat as test crop 
Experiment 
number 




Increase in yield of phosphorus, in milli? 
grams per culture, due to soil treated with 
CaCOo equivalent to indicated percentage of 
exchange acidity 
20 40 60 100 
1 
2 
0 - 3  

























Seed used in Buckwheat Experiments 1 and 2 












Mean 130.0 0.3569 0.462 143 












Mean 148.0 0.3200 0.474 127 












Mean 151.0 0.3209 0.483 117 
Overall mean 142.9 0.3326 0.423 129 
Seed from plants grown on sand with a nutrient solution 
lacking phosphorus 
Light brown seed 200.0 0.1366 0.273 131 
Silver hulled seed 226.0 0.1387 0.313 148 
Dark brown seed 222.0 0.1339 0.297 145 
Mean 216.0 0.1364 0.294 l4l 
^Earl May Seed Co., Shenandoah, Iowa. Provided by 
Dr. W. H. Pierre, Agronomy Department, Iowa State University. 
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Table 50. Yield and phosphorus content of roots of plants 
produced in eleven soils that had been treated 
with quantities of calcium carbonate equivalent 
in different proportions of the exchange acidity 
in Buckwheat Experiment No. 1 
Yield and phosphorus content of roots pro­
duced in soil treated with CaCO equivalent 
Soil Measure- to indicated percentage of exchange acidity 
0 20 40 6o 100 
Okoboji Y 17 31 8 20 l6 
% P 0.121 0.134 0.116 0.142 0.169 
Lindley Y 173 243 l80 171 48 
 ^P 0,004 0.002 0.004 0.001 0.012 
Oran Y 112 l48 113 177 lo4 
$ P 0.006 0.003 0.002 0.003 0.002 
Lamoni Y 523 931 1100 931 930 
S P 0.012 0.013 0.015 0.019 0.013 
Hagener Y 652 292 215 361 366 
 ^P 0.015 0.003 0.002 0.073 0.005 
Weller Y 29 78 36 42 31 
io P 0.065 0.062 0.047 0.049 0.042 
Adair Y 356 410 328 350 334 
 ^P 0.009 0.012 0.011 0.005 0.005 
Rathbun Y 82 121 110 67 60 
 ^P 0.045 0.038 0.040 0.043 0.038 
Caleb Y 66 52 34 48 13 
i P 0.088 0.080 0.069 0.070 0.079 
Kenyon Y 45 67 31 34 23 
io P 0.056 0.060 0.061 0.061 0.038 
*Y - yield of dry matter in milligrams per culture; 
^ P - phosphorus percentage of dry matter, which was no doubt 
diluted to some extent by soil. 
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Table 50. (Continued) 
Yield and phosphorus content of roots pro­
duced in soil treated with CaCOQ equivalent 
Soil Measure- to indicated percentage of exchange acidity 
ment 0 20 4o 6o 100 
Kniffln Y 474 673 667 75 363 
% P 0.005 0.004 0.003 0.004 0.004 
Mean Y 232 277 256 207 2o8 
# P 0.039 0.037 0.034 0.043 0.037 
The data obtained on the plants are followed by the data 
obtained in the soil analyses. The pH values of the soils in 
the two experiments appear in Tables 54 and 55, Tables 56 to 
60 contain the data on extractable phosphorus in the soils 
of Buckwheat Experiment No. 1, and Table 6l contains the data 
for Buckwheat Experiment No, 2. Additional analyses were 
made on samples of soils from Buckwheat Experiment No. 1. 
The data for the effects of calcium carbonate on the in­
organic phosphorus fractions appear in Table 62. Analyses 
for aluminum appear in Tables 63 and 64, for manganese in 
Tables 65 to 68 and for icon in Tables 69 and 70. 
Effect of calcium carbonate on sol^ pH 
The data in Tables 54 and 55 show that soil pH values 
were increased by application of calcium carbonate. The 
highest pH values attained with calcium carbonate additions 
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Table 51. Yield of roots of plants produced in the sand 
overlying eleven soils, each treated with calcium 
carbonate equivalent to different proportions of 
the exchange acidity, in Buckwheat Experiment No. 1 
Milligrams of dry matter In roots produced in 
the sand overlying soils treated with calcium 
Soil carbonate equivalent to indicated percentage of 
exchange acidity 
0 20 4o 60 100 
Okoboji I960 1460 1910 1890 1470 
Lindley 1090 1150 l48o 1190 2080 
Oran 1970 1190 1280 1260 1410 
Lamoni 1620 1500 900 970 1160 
Hagener 1105 1430 1400 1260 1500 
Weller ll6o 1120 1010 1160 1100 
Adair l84o 1350 2400 1530 1310 
Rathbun 1170 l46o 1070 1140 1720 
Caleb 2l4o 1820 1550 2530 1850 
Kenyon 965 1360 1030 1090 800 
Kniffin 1660 1380 1470 1260 1520 
Mean 1510 1380 1410 1390 1450 
equivalent to 100^ of the exchange acidity were 6.9 and 7,4 
in the first experiment and 7.0 to 7.3 in the second. These 
pH values were measured on soil suspended in 0,01-molar 
calcium chloride, which commonly gives values about 0.5 or 
0.6 pH unit below values obtained on soil suspended in water. 
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Table 52, Yield and phosphorus content of roots of plants 
produced in eleven soils that had been treated 
with quantities of calcium carbonate equivalent 
to different proportions of the exchange acidity 
in Buckwheat Experiment No, 2 
Yield and phosphorus content of roots pro­
duced in soil treated with CaCOg equivalent 
Soil Measure- to indicated percentage of exchange acidity 
0 20 40 6o 100 




















Oran Y 74 162 142 86 121 
Lamoni Y 18 22 23 17 9 
Hagener Y 91 60 79 99 77 
Weller Y 3 32 8 9 27 
Adair Y 10 7 3 3 3 
Rathbun Y 3 43 29 29 11 
Caleb Y 8 8 3 - -
Kenyan Y 1 1 1 1 1 
Kniffin Y 91 102 78 92 42 
Mean 30.5 42,4 42.0 
Y - yield of dry matter in milligrams per culture; % P 
= phosphorus percentage of dry matter, which was no doubt 
diluted to some extent by soil. 
Because the pH value of nonsodic calcareous soil in sus­
pension in water is characteristically about 8, the experi­
mental results indicate that the soils treated with calcium 
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Table 53. Yield of roots of plants produced in the sand over­
lying eleven soils, each treated with calcium car­
bonate equivalent to different proportions of the 
exchange acidity, in Buckwheat Experiment No. 2. 
Milligrams of dry matter in roots produced in 
the sand overlying soils treated with calcium 
carbonate equivalent to indicated percentage of 
exchange acidity 
0 20 4o 60 100 
Okoboji 730 770 660 560 610 
Lindley 410 550 540 660 490 
Gran 630 930 880 710 980 
Lamoni 580 360 850 64o 780 
Hagener 970 650 760 910 650 
Weller 870 46o 920 810 700 
Adair 890 920 1110 1200 1150 
Rathbun 540 620 620 540 560 
Caleb 730 700 750 690 790 
Kenyon 840 750 620 550 760 
Kniffin 570 790 730 710 680 
Mean 706 680 767 770 740 
carbonate equivalent to 100^ of the exchange acidity were 
nearly saturated with bases and thât excess calcium carbonate 
would have been left in the soil if much more had been added. 
Choice of 20, 4o and 6o^ of the exchange acidity as the 
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Table 54, pH of soils in 0.0'ï molar calcium chloride after 
incubation with calcium carbonate equivalent to 
different proportions of the exchange acidity in 
Buckwheat Experiment No. 1 
Soil 




3 equivalent to 
le acidity 
indicated 
0 20 4o 60 100 
Okoboji 4.68 5.59 6.55 6.70 7.00 
Lindley 4.18 5.80 6.75 7.15* 7.22* 
Oran 4.30 5.29 6.39 6.72 7.10 
Lamoni 4.64 5.75 6,6o 6.88 7.10 
Hagener 5.73 6.6i 7.08* 7.19* 7.31* 
Weller 4.20 5.48 6.90 7.20 7.38 
Adair 4.79 5.86 6.58 6.78 6.95 
Rathbun 4.15 5.18 6.81 7.11 7.22 
Caleb 4.69 5.99 6.71 7.00 7.20 
Kenyon 4.46 5.49 6,60 7.00 7.19 
Kniffin 4.81 5.73 6.45 6.77 6.93 
Mean 4.6o 5.71 6.67 6.95 7.15 
Minimum 4.15 5.18 6.39 6.70 6.95 
Maximum 5.73 6.61 7.08 7.20 7.38 
*Drifting occurred during the pH determination. 
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Table 55. pH of soils in 0,01 molar calcium chloride after 
incubation with calcium carbonate equivalent to 
different proportions of the exchange acidity In 
Buckwheat Experiment No, 2 
pH of soil with CaCOo equivalent to indicated 
percentage of exchange acidity 
0 20 4o 60 100 
Okoboji 4.69 5.58 6.50 6.90 7.03 
Lindley 4.19 5.72 6.40 7.20 7.21 
Oran 4.24 5.20 6.32 6.99 7.17 
Lamoni 4.58 5.50 6.66 6.99 7.14 
Hagener 5.40 6.50 7.11_ 
* 
7.27 7.31 
Weller 4.11 5.16 6.67 7.23 7.30 
Adair 4.59 5.60 6.70 7.04 7.11 
Rathbun 4.13 4,96 6.64 7.30 7.30 
Caleb 4.70 6.19 6.99 7.02 7.19 
Kenyon 4.44 5.59 6.49 7.03 7.09 
Kniffin 4.71 5.82 6.57 6.62 7.03 
Mean 4.53 5.62 6.64 7.05 7.17 
Minimum 4.11 4.96 6.32 6.62 7.03 
Maximum 5.40 6.50 7.11 7.30 7.31 
*Driftlng occurred during the pH determination. 
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Table 56. Phosphorus extracted from soils by 0.03 normal 
ammonium fluoride, 0.025 normal hydrochloric acid 
solution after incubation with calcium carbonate 
equivalent to different proportions of the 
exchange acidity in Buckwheat Experiment No. 1 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCO? equivalent to 
indicated percentage of exchange acidity 
0 20 40 60 100 
Okobojl 19.5 34.4 21.8 20.0 21.2 
Llndley 4.5 4.4 5.0 5.0 4.9 
Oran 7.2 7.2 6.3 6.4 5.5 
Lamoni 3.5 4.7 4.7 4.2 4.6 
Hagener 7.2 9.8 9.0 10.6 11.3 
Weller 6.4 7.0 7.5 7.9 7.4 
Adair 28.5 33.3 29.6 28.2 29.6 
Rathbun 2.6 3.0 3.5 3.3 3.4 
Caleb 32.3 31.8 31.0 30.8 30.2 
Kenyon 8.6 8.3 7.3 6.0 7.2 
Kniffin 10.3 10.5 9.0 10.0 8.6 
Mean 11.9 14.0 12.2 12.0 12.2 
Minimum 2.6 3.0 3.5 3.3 3.4 
Maximum 32.3 34.4 31.0 30.8 30.2 
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Table 57. Phosphorus extracted from soils by 0.5 molar 
sodium bicarbonate after incubation with calcium 
carbonate equivalent to different proportions of 
the exchange acidity in Buckwheat Experiment No, 1 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCOg equivalent to 
indicated percentage of exchange acidity 
0 20 40 60 100 
Okoboji 25.8 31.2 30.2 32.2 37.2 
Lindley 3.1 3.1 3.7 4.7 5.0 
Oran 9.5 7.3 7.1 8.6 11.1 
Lamoni 2.4 3.7 5.3 6.2 6.8 
Hagener 5.0 6.8 7.5 9.6 9.6 
Weller 5.4 5.6 8.3 8.4 9.5 
Adair 24.8 26.4 30.4 29.2 31.8 
Rathbun 1.6 1.8 2.7 4.0 5.7 
Caleb 24.6 24.0 26.6 27.4 29.6 
Kenyon 5.0 5.8 6.4 6.4 9.6 
Kniffin 9.5 11.5 11.1 12.6 12.7 
Mean 10.6 11.6 12.7 13.6 15.3 
Minimum 1.6 1.8 2.7 4.0 5.0 
Maximum 25.8 31.2 30.4 32.2 37.2 
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Table 58. Phosphorus extracted from soils by 0.025 normal 
sulfuric acid, 0.05 normal hydrochloric acid 
solution after incubation with calcium carbonate 
equivalent to different proportions of the 
exchange acidity in Buckwheat Experiment No. 1 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCOq equivalent to 
indicated percentage of exchange acidity 
0 20 40 60 100 
Okoboji 19 11 6 2 2 
Lindley 4 4 4 4 3 
Oran 5 5 4 4 2 
Lamoni 2 3 2 2 1 
Hagener 14 15 15 16 15 
Weller 5 5 5 5 3 
Adair 25 ' 34 31 30 24 
Rathbun 3 2 2 2 3 
Caleb 21 23 21 20 17 
Kenyon 5 5 4 3 1 
Kniffin 7 9 5 5 2 
Mean 10.0 10.6 9.0 8.3 6, 
Minimum 2 2 2 2 2 
Maximum 25 34 31 30 24 
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Table 59. Phosphorus extracted from soil by sodium acetate, 
acetic acid solution after incubation with calcium 
carbonate equivalent to different proportions of 
the exchange acidity in Buckwheat Experiment No, 1 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCO^ equivalent to 
Soil indicated percentage of exchange acidity 
0 20 40 60 100 
Okoboji 5.1 6.4 10.1 10.8 11.1 
Lindley 0.8 0.7 1.8 1.6 1.6 
Oran 1.4 2.2 2.6 3.3 3.6 
Lamoni 1.2 1.9 3.2 5.0 4.9 
Hagener 1.5 2.9 3.4 4.3 4.6 
Weller 1.2 1.5 2.9 3.7 4.3 
Adair 5.2 8.4 10.2 10.1 11.6 
Rathbun 1.3 1.3 2.4 3.9 3.1 
Caleb 3.5 4,6 5.3 7.1 7.4 
Kenyon 1.6 2.0 5.7 6.1 6.1 
Kniffin 2.6 4.2 7.6 5.9 5.4 
Mean 2.3 3.3 5.0 5.6 5.8 
Minimum 0.8 0.7 1.8 1.6 1.6 
Maximum 5.2 8.4 10.2 10.8 11.6 
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Table 6o . Phosphorus extracted from 2 gram samples of soil 
by 0.01 molar calcium chloride solution after 
incubation with calcium carbonate equivalent to 
different proportions of the exchange acidity in 
Buckwheat Experiment No, J. 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCOs equivalent to 
Soil indicated percentage of exchange acidity 
0 20 40 60 100 
Okobojl 11,0 3.7 2.1 2.2 2.3 
Lindley 1.4 2.8 3.6 1.8 7.0 
Oran 2.9 2.4 3.6 2.3 2.3 
Lamoni 2.1 4.6 • 3.1 3.1 3.1 
Hagener 2.2 3.4 2.6 3.0 4.1 
Weller 3.1 3.9 6.2 7.2 5.8 
Adair 1.0 2.5 1.6 1.0 1.6 
Rathbun 0.6 0.7 0,8 1.2 0.8 
Caleb 4.8 7.8 8.1 9.6 9.9 
Kenyon 1.7 3.4 4.9 3.2 4.5 
Kniffin 6.4 5.8 7.1 8.1 6.5 
Mean 3.4 3.7 4.0 3.9 4.4 
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Table 6l, phosphorus extracted from 1 gram samples of soil 
by 0.01 molar calcium chloride solution after 
incubation with calcium carbonate equivalent to 
different proportions of the exchange acidity in 
Buckwheat Experiment No, 2 
Micrograms of phosphorus extracted per gram 
of soil incubated with CaCOg equivalent to 
Soil indicated percentage of exchange acidity 
0 20 40 6o 100 
First extraction 
Okoboji 15.3 17.3 19.5 21.2 21,2 
Lindley 2.8 1.4 4.3 10.2 12.4 
Oran 6.6 19.8 6.4 11.6 19.5 
Lamoni 3.6 3.8 3.9 19.5 9.6 
Hagener 6.2 10.0 12.0 15.9 8.5 
Weller 7.1 8.5 8.0 8.8 5.4 
Adair 15.5 14.1 12.6 20.6 16.3 
Rathbun 8.2 7.3 7.4 16.4 10.6 
Caleb 7.1 6.9 7.4 11.3 14.4 
Kenyon 2.4 5.7 18.6 14.4 14.4 
Kniffin 2.1 10.6 15.1 14.2 20.3 













0 4.6 3.3 
Hagener 1.3 2.8 4.4 2.8 3.4 
Weller 0.3 2.2 0.5 4.5 1.9 
Caleb 5.7 4.1 1.1 4.8 7.6 
*Negative values indicate loss of phosphorus from the 
extractant to the soil. 
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Table 62, Inorganic phosphorus extracted from soils by-
consecutive treatment with different reagents 
after incubation with calcium carbonate equivalent 
to different proportions of the exchange acidity 
in Buckwheat Experiment No. 1 
Soil Extractants in 
consecutive 
order 
Micrograms of phosphorus ex­
tracted per gram of soil in­
cubated with CaCOo equivalent to 
Indicated percentage of exchange 
acidity 
0 20 40 60 100 
Okoboji a) NH4CI 1.2 0.4 0.3 0.3 0.7 
b) NH^F 63 63 63 58 62 
c) NaOH 77 84 73 65 52 
d) H2SO4 85 96 97 98 105 
Total b 4. c 4. d 225 243 233 221 219 
Kenyon a) NH4CI 0 0 0 0 0 
b NH^ P 11 11 14 11 14 
cj NaOH 46 52 49 44 . 46 
d) HgSO^ 9 11 13 13 17 
Total b f c + d 66 74 76 68 77 
Kniffin a) NHhCl 0.2 9.1 Q 0.1 0.3 
b) NHijF 13 16 16 19 15 
c) NaOH 70 69 72 62 56 
d) H2SO4 20 18 20 22 22 
Total b T c f d 103 103 108 103 93 
Adair a) NH4CI 0.9 1.1 1.4 1.2 1.2 
b NH4F 34 39 38 41 41 
c) NaOH 83 76 77 75 73 
d) H2SO4 16 17 17 19 19 
Total b + c + d 133 132 132 135 133 
Means b) NH4F 30 32 33 32 33 
cj NaOH 69 70 68 60 61 
d) H2SO4 32 35 37 38 41 
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Table 63. Aluminum extracted from soils by 1 - normal 
potassium chloride solution after incubation 
with calcium carbonate equivalent to different 
proportions of exchange acidity in Buckwheat 
Experiment No. 1 
Micrograms of aluminum extracted per gram of 
Soil soil incubated with CaCOg equivalent to 
indicated percentage of exchange acidity 
0 20 4o 60 100 
Okoboji 7 3 3 2 2 
Lindley 124 8 2 1 1 
Oran 97 6 1 1 1 
Lamoni 33 2 2 2 
Hagener 1 1 1 1 1 
Weller 120 4 2 1 1 
Adair 11 2 1 1 1 
Rathbun 130 19 1 1 1 
Caleb 38 2 1 1 1 
Kenyon 19 2 1 1 1 
Kniffin 3 1 1 1 1 
Mean 53 5 2 1 1 
Minimum 1 1 1 1 1 
Maximum 130 19 3 2 2 
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Table 64, Aluminum extracted from soils by ammonium acetate 
at pH 4,8 after incubation with calcium carbonate 
equivalent to different proportions of the 
exchange acidity in Buckwheat Experiment No, 1 
Micrograms of aluminum extracted per gram of 
soil incubated with caco^ equivalent to 
Soil indicated percentage of exchange acidity 
0 20 4o 6o 100 
Okoboji 33 27 24 24 24 
Lindley 43 35 30 29 30 
Oran 42 35 29 27 26 
Lamoni 4o 34 31 31 30 
Hagener 13 9 9 9 9 
Weller 41 37 34 34 34 
Adair 33 24 21 20 20 
Rathbun 43 39 37 38 38 
Caleb 38 34 34 34 34 
Kenyon 33 25 18 18 19 
Kniffin 24 18 15 15 15 
Mean 35 29 26 25 25 
Minimum 13 9 9 9 9 
Maximum 43 39 37 38 38 
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Table 65, Manganese extracted from soils by 1 - normal 
potassium chloride solution after incubation 
with calcium carbonate equivalent to different 
proportions of exchange acidity in Buckwheat 
Experiment No, 1 
Micrograms of manganese extracted per gram 
of soil Incubated with CaCO? equivalent to 
indicated percentage of exchange acidity 
0 20 40 60 100 
Okoboji 25 622 2 
Lindley 10 4 1 1 1 
Oran 65 25 5 4 2 
Lamoni 30 11 3 2 
Hagener 5 111 
Weller 85 34 3.1 
Adair 22 6 2 2 
Rathbun 15 6 1 1 
Caleb 9311 
Kenyon 4l 10 3 1 
Kniffin 42 12 4 3 2 
Mean 32 11 2 2 1 
Minimum 5 1111 
Maximum 85 34 5 4 2 
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Table 66. Manganese extracted from soils by ammonium 
acetate at pH 4,8 after incubation with calcium 
carbonate equivalent to different proportions of 
exchange acidity in Buckwheat Experiment No, 1 
Micrograms of manganese extracted per gram of 
soil incubated with CaCO? equivalent to 
Soil indicated proportion of exchange acidity 
0 20 40 60 100 
Okoboji 51 29 30 31 31 
Lindley 15 8 7 6 6 
Oran 92 49 37 42 42 
Lamoni 44 30 • 26 24 24 
Hegener 11 9 9 9 9 
Weller 123 58 38 37 35 
Adair 37 28 28 29 27 
Rathbun 21 10 9 9 9 
Caleb 14 8 8 8 8 
Kenyon 57 30 30 30 30 
Kniffin 72 46 42 42 39 
Mean 47 28 24 24 24 
Minimum 11 8 7 6 6 
Maximum 123 58 42 42 42 
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Table 67, Manganese extracted from soils by sodium acetate, 
acetic acid solution after Incubation with 
calcium carbonate equivalent to different pro­
portions of exchange acidity in Buckwheat 
Experiment No. 1 
Soil 
Micrograms of manganese extracted per gram of 
soil Incubated with CaCOo equivalent to 
indicated percentage of exchange acidity 






















































































Table 68. Manganese extracted from soil by 0.025 normal 
sulfuric acid, 0.05 normal hydrochloric acid 
solution after incubation with calcium carbonate 
equivalent to different proportions of exchange 
acidity in Buckwheat Experiment No, 1 
Micrograms of manganese extracted per gram of 
soil incubated with CaCOo equivalent to 
Soil indicated percentage of exchange acidity 
0 20 4o 60 100 
Okoboji 72 43 27 16 5 
Lindley 17 12 12 11 10 
Oran 128 100 86 90 68 
Lamoni 63 52 46 37 22 
Hagener 35 33 33 32 31 
Weller 142 112 102 93 76 
Adair 65 58 58 54 46 
Rathbun 23 16 16 15 14 
Caleb . 17 14 14 14 13 
Kenyon 110 85 76 56 34 
Kniffin 105 88 75 62 34 
Mean 71 56 50 44 32 
Minimum 17 12 12 11 5 
Maximum 142 112 102 93 76 
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Table 69. Iron extracted from soils by anmionluin acetate at 
pH 4,8 after Incubation with calcium carbonate 
" " equivalent to different proportions of exchange 
acidity In Buckwheat Experiment No, 1 
Micrograms of Iron extracted per gram of soil 
Incubated with CaCOo equivalent to Indicated 
percentage of exchange acidity 
0 20 40 60 100 
Okobojl 13 8 
Llndley 12 5 
Oran 14 5 
Lamonl 13 5 
Hagener 1 1 
Weller 8 3 
Adair 5 2 
Rathbun 8 3 
Caleb 10 6 
Kenyon 7 2 
Knlffln 4 2 
Mean 8,6 3,8 
Minimum 1 1 
Maximum 14 8 
6 6 ^  6 
3 3 3 
2 2 2  
3 3 2  
1 1 1  
2 2 2 
2 2 2 
2 2 2 
5 4 4  
1 1 1  
2 2 2 
2.6 2,5 2.5 
1 1 1  
6 6 6 
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Table 70, iron extracted from soils by 0.025 normal 
sulfuric acid, 0.05 normal hydrochloric acid 
solution after incubation with calcium carbonate 
" equivalent to different proportions of exchange 
acidity in Buckwheat Experiment No, 1 
Micrograms of iron extracted per gram of soil 
incubated with CaCO^ equivalent to indicated 
percentage of exchange acidity 
0 20 4o 6o 100 
Okoboji 2.4 1.2 1.2 0.9 0.7 
Lindley 18.2 11.0 10.4 10.3 7.6 
Oran 19.5 6.6 3.0 2.4 0.9 
Lamoni 14.6 6.5 3.1 2.0 0.2 
Hagener 4.2 3.0 2.5 4.0 2.9 
Weller 16.7 12.4 10.3 7.8 3.4 
Adair 12.0 7.9 5.9 6.2 3.1 
Rathbun 17.2 10.4 9.0 8.7 6.8 
Caleb 35.6 23.7 22.1 22.0 15.1 
Kenyon 8.6 3.7 1.6 1.4 1.1 
Kniffin 6.1 3.8 1.5 1.1 0.9 
Mean 14.1 8.2 6.4 6.1 3.9 
Minimum 2.4 1.2 1.2 0.9 0.2 
Maximum 35.6 23.7 22.1 22.0 15.1 
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basis for adding the intermediate quantities of calcium car­
bonate produced in most instances a desirable distribution of 
pH values through the range between the original acid soil 
and the sample treated with the theoretical quantity of cal­
cium carbonate to produce base saturation. 
Examination of Tables $4 and 55 shows that there was 
remarkably little difference in comparable pH values between 
experiments. These results suggest that the finely divided 
calcium carbonate employed was decomposed rapidly in reaction 
with the soils. 
Interrelationships of yields of dry matter, phosphorus, 
percentages and yields of phosphorus 
The correlation matrix in Table 71 gives a measure of 
the interrelationships of yields of dry matter, phosphorus 
percentages and yields of phosphorus. The correlation co­
efficients for phosphorus percentages and yields of phos­
phorus are, r = 0.94 for the first experiment and r = 0.95 
for the second. 
The yields of dry matter in the tops have been plotted 
against yields of phosphorus in Figures 1 and 2. Although 
the yields of dry matter corresponding to a given yield of 
phosphorus generally fall within a fairly narrow range, in­
dicating that the yields of dry matter and yields of phos­
phorus were not greatly affected by differences among soils 
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Table 71. Correlation matrix for yield of dry matter, 
phosphorus percentage in dry matter and yield of 
phosphorus in tops of plants in Buckwheat 
Experiments Nos. 1 and 2 
Buckwheat Experiment Buckwheat Experiment 
No. 1 No. 2 
Yield . 
of dry 












matter 1.00 1.00 
% P 0.45 1.00 0.72 1.00 
Yield of 
P 0.73 0.94 1.00 0.87 0.95 1.00 
and treatments in factors other than phosphorus availability, 
values for the Kenyon soil do not fit well in Figure 2. This 
deviation may have been due to the considerable microbial 
growth observed on these cultures during the 15-week in­
cubation period. 
Effects of calcium carbonate on aluminum in soils and tops 
of Buckwheat plants 
The data for aluminum in the tops of plants in Buckwheat 
Experiment No. 1 appear in Tables l8 to 29. (No analyses for 
aluminum in the plants were made in Buckwheat Experiment No. 
2.) Relatively high concentrations of aluminum were found in 
Figure 1. Yield of dry matter versus yield of phosphorus 
in tops of buckwheat plants grown on eleven acid, 
soils, each with different quantities of calcium 
carbonate, and on sand controls in Buckwheat 
Experiment No. 1 
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Figure 2. Yield of dry matter versus yield of phosphorus in 
tops of buckwheat plants grown on eleven acid soils, 
each with different quantities of calcium car­
bonate, and on sand controls in Buckwheat 
Experiment No. 1 
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the plants grown on Lindley, Rathbun and Weller soils. 
Nevertheless, it is not clear from the plots of yield of dry 
matter against yield of phosphorus in Figure 1 that the 
plants were affected adversely by uptake of this aluminum. 
Buckwheat is known to be tolerant of soil acidity and 
aluminum toxicity and was selected as a test crop for this 
reason; however, there seem to be no data available -in the 
literature to show how inhibition of growth of buckwheat is 
related to the concentration of aluminum in the plant tissue, 
Poy and Brown (1964) found that an excess of aluminum in 
culture solutions restricted the growth of tops of buckwheat 
plants to a relatively greater extent than the growth of 
roots. Jackson (1967) pointed out that sensitivity of plants 
to aluminum toxicity is much greater if they are exposed to the 
excess aluminum continuously than if they are exposed after 
considerable growth has already been made-. The technique of 
growing plants in sand cultures before transference to soil 
thus seems to be advantageous from the standpoint of reducing 
the effect of excess aluminum. 
Application of calcium carbonate to the acid soils caused 
a decrease in aluminum content of the tops of the buckwheat 
plants as might be expected from the well known effect of pH 
on aluminum solubility. The content of exchangeable 
aluminum in the soils was considerably reduced by application 
of calcium carbonate (Table 63), and the aluminum extractable 
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by ammonium acetate at pH 4,8 was reduced to a small degree 
(Table 64), When the exchangeable aluminum values in the 
soils were plotted against soil pH, a curve similar to that 
published by MacLeod and Jackson (196?) and others was 
obtained. 
The highest concentrations of aluminum in plants were 
found in plants grown on the control samples of Lindley, 
Weller and Rathbun soils, which contained the highest con­
centrations of exchangeable aluminum. The correlation co­
efficient between aluminum in the plant tops and aluminum in 
the soils was 0.71 for exchangeable aluminum (extracted by 1-
normal KCl solution) and 0,25 for aluminum extracted by 
ammonium acetate (pH 4,8). Exchangeable aluminum thus pro­
vided the better index of aluminum uptake by plants in this 
experiment. 
It is difficult at this point to relate the data on 
aluminum to the effects of calcium carbonate on phosphorus 
availability. This subject will be considered later. 
Effects of calcium carbonate on manganese in soils and in 
tops of Buckwheat plants 
The data for manganese in the tops of the plants in 
Buckwheat Experiments No. 1 and No. 2 are in Tables 18 to 
29 and 30 to 4l. 
The plants absorbed considerable amounts of manganese 
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while growing on some of the soils. The highest con­
centrations of manganese were found in plants on the Weller 
and Oran soils. Data on the connection between the con­
centration of manganese in the tissue of buckwheat plants 
and the inhibition of growth do not seem to be available in 
the literature. On the basis of the plots of yield of dry 
matter against yields of phosphorus, however, there is no 
clear evidence that the manganese Inhibited the growth of 
the buckwheat or the uptake of phosphorus. 
Table 72 shows the correlations between manganese in 
the plants and manganese extracted from the soils by four re­
agents. The highest correlations were obtained with 1 normal 
KCl solution and sodium acetate-acetic acid solution. The 
latter extractant is widely used in routine soil testing 
laboratories as a 'universal' extractant. Ammonium acetate 
(pH 4.8) solution and the 0.025 normal sulfuric acid, 0.05 
normal hydrochloric acid solution were not so good. 
Table 72. Correlation of (a) buckwheat plants grown on 
various acid soils after treatment with different 
quantities of calcium carbonate with (b) manganese 
extracted from the soils by use of four different 
reagents in Buckwheat Experiment No. 1 
Extractant Correlation 
coefficient 
1 normal KCl solution 0.89 
Sodium acetate, acetic acid solution 0.85 
Ammonium acetate, pH 4.8, solution 0.74 
0.025 normal sulfuric acid, 0.05 normal hydro­
chloric acid solution 0.62 
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Effects of calcium carbonate on Iron In soils and in tops 
of buckwheat plants 
The data on iron in the tops of the plants grown in 
Buckwheat Experiment No, 1 are in Tables 18 to 29, and the 
data on iron in the soils are in Tables 69 and 70. (No 
analyses for iron were made on soils or plants in Buckwheat 
Experiment No. 2.) 
The results of analyses of the plants indicate that in 
comparison with manganese and aluminum, little iron was ab­
sorbed from the soils. The iron content of the tops of plants 
grown on the Weller soil was relatively high and was con-
siderably depressed by application of calcium carbonate. 
With some of the other soils, such as Rathbun, Kenyon, Adair 
I 
and Okoboji, however, the calcium carbonate treatments may 
have caused a small increase in iron concentration in the 
plants. But because plants growing in a greenhouse are fre­
quently liable to contamination, the results of the analyses 
for iron must be viewed with caution. 
The correlation coefficients relating iron in the plants 
to the iron extracted from the soils by ammonium acetate 
(pH 4.8) and 0.025 normal sulfuric acid, 0.05 normal hydro­
chloric acid were low (O.Ol). When the iron content of the 
tops of the plants was plotted against iron extracted by 
ammonium acetate (pH 4.8), a fairly good negative linear cor­
relation was obtained in the case of the Adair, Caleb, Okoboji, 
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Rathbun and Kenyon soils. The pattern was less obvious with 
the other soils. The negative correlation is somewhat 
puzzling. 
It is difficult to relate the iron data to the effects 
of calcium carbonate on phosphorus availability. Poster and 
Scott Russell (1958) have reported that ferric iron inhibits 
the transfer of phosphate to plant shoots. They believed that 
ferric ions, which had already combined with immobile or­
ganic compounds, restrained phosphate in roots. On the basis 
of the plot of yield of dry matter versus yield of phosphorus 
in Figure 1, however, there is no clear evidence for a detri­
mental effect of iron on growth of the buckwheat or uptake of 
phosphorus, ' 
Effects of calcium carbonate on extractable phosphorus in soils 
The data for extractable phosphorus in the soils of 
Buckwheat Experiment No. 1 are in Tables 56 to 60, and those 
for the soils of Buckwheat Experiment No. 2 appear in Table 
61. 
On the average, the phosphorus extractable by 0.03-
normal ammonium fluoride, 0.025-normal hydrochloric acid 
(Table 56) was almost the same with all levels of calcium 
carbonate except that equivalent to 20^ of the exchange 
acidity, which yielded a higher value. Most of this increase 
in the mean value was due to the Okoboji soil, in which the 
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effect was relatively pronounced. Calcium carbonate caused 
a gradual and almost linear increase in the phosphorus 
extractable by 0.5-molar sodium bicarbonate (Table 57). The 
effect of increasing increments of calcium carbonate on the 
phosphorus extractable by dilute sulfuric and hydrochloric 
acids was an increase at first and then a decrease (Table 58). 
Increasing quantities of added calcium carbonate caused a 
gradual and almost linear Increase in phosphorus extractable 
by sodium acetate, acetic acid solution (Table 59). This 
extractant is well buffered, and almost all the extracts 
from the 55 treated soils in Buckwheat Experiment No, 1 were 
in the range from pH 4,81 to 4,84, 
Calcium carbonate caused a small and gradual Increase in 
the phosphorus extracted by leaching with 0.01-molar calcium 
chloride in both experiments (Tables 6o and 6l), These 
results agree with some of the earlier findings discussed in 
the survey of literature. When four of the soils in Buck­
wheat Experiment No, 2 were extracted a second time with 0,01-
molar calcium chloride (Table 6l), the quantities of phos­
phorus extracted were considerably below those obtained in 
the first extraction. In some cases there was an apparent 
loss of phosphorus from the extracting solution. The amount 
of phosphorus extracted in the second leaching seems to cor­
relate better with phosphorus uptake by plants than does the 
phosphorus extracted in the first leaching; however, further 
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work on more soils would be required to validate this 
observation. 
The relationship of soil pH to extractable phosphorus by 
the various methods is shown in Table .73, 
Table 73. Linear correlations of soil pH and extractable 
phosphorus in the soils of Buckwheat Experiment 
No. 1 and No, 2 
Linear correlation (i?) 
of soil pH with factor 
in column 1 
Experiment Experiment 
No. 1 No. 2 
Phosphorus extracted by 0.03 N 
NH^^P, 0.025 N HCl 0.01 — 
phosphorus extracted by 0.5 M NaHCO^ 0.12 -
Phosphorus extracted by 0.025 N 
HgSO^, 0.05 N HCl - 0.04 -
phosphorus extracted by sodium 
acetate, acetic acid ' 0.42 -
phosphorus extracted by 0.01 molar 
calcium chloride 0.15 0.43 
Most of the correlation coefficients are nonsignificant. The 
correlation coefficient of 0,42 for the sodium acetate-acetic 
acid method supports the view that this extractant removes 
more phosphorus as the pH Increases. The sodium acetate, 
acetic acid reagent removed about 150^ more phosphorus at the 
highest calcium carbonate treatment level (where the soils 
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have a pH of about 7  in 0.01-molar calcium chloride) than 
at the control level. 
Associations among fractions of soil phosphorus 
The linear correlations in Table 74 provide a measure of 
the association of the various phosphorus fractions deter­
mined in the soils. Quantities of phosphorus extracted by 
the five reagents listed in column 1 are more closely 
associated with the quantities of the inorganic phosphorus 
in fractions in columns 3, 5, 6 and 7 than with organic 
phosphorus in column 2, phosphorus extracted by 0,03-
normal ammonium fluoride, 0.025-normal hydrochloric acid 
solution and by 0.6-molar sodium bicarbonate solution is 
closely correlated with the phosphorus extracted by ammonium 
fluoride, less so with that extracted by sodium hydroxide 
and least of all with that extracted by sulfuric acid. 
Quantities of phosphorus extracted by sodium acetate, acetic 
acid are more closely correlated with phosphorus extracted by 
sulfuric acid than are the quantities extracted by the other 
reagents listed in column 1. Quantities of phosphorus ex­
tracted by 0,01-molar calcium chloride are not well correlated 
with any of the phosphorus fractions in columns 2 to 7. The 
explanation may be that calcium chloride is thought to have 
no specific solvent action on any class of phosphates but 
rather to provide a salt solution, similar to soil solutions 
Table 74. Linear correlations among phosphorus fractions extracted from control 
samples of soils in Buckwheat Experiment No. 1 
Organic Extractable Phosphorus ex-
phosphorus inorganic tracted by In-
(A) phosphorus A + B dlcated reagent 
(B) NH2|F HaOH HgSOii 
Phosphorus extracted by 
0.03N NH4F, 0.025N HCl 0.01 
Phosphorus extracted by 0.5M NaHCO^ 0.13 
0.04 
0.26 
Phosphorus extracted by 
0.025N H2SO4, 0.05N HCl 
Phosphorus extracted by 
sodium acetate, acetic acid 
Phosphorus extracted by 






0.31 0.83 0.70 0.24 
0.45 0.93 0.78 0.40 
0.22 0.53 0.47 0.14 
0.52 0.75 0.70 0.37 
0.12 0.15 0.27 -0.01 
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in concentration and certain other respects, in which the 
soil phosphorus may dissolve. Concentrations of phosphorus 
in the calcium chloride extracts were extremely low, as 
mentioned previously. 
Effects of calcium carbonate on roots produced in soil and 
sand 
The yields and phosphorus analyses of roots produced in 
the soils and in the sand in Buckwheat Experiment No, 1 
appear in Tables 50 and 51. Corresponding data for Buckwheat 
Experiment No. 2 are given in Tables 52 and 53. All these 
values were obtained from bulked samples representing the 
total material obtained in the six replicates. 
Application of calcium carbonate to the soils seems to 
have decreased the yields of roots produced in the sand 
above the soils (Tables 51 and 53). The values recorded, 
however, must be recognized to be affected by more error 
than is present in yields of tops because of the difficulty 
of separating the sand from the roots. Separation was never 
complete. 
The yields of roots in the sand in the second experiment 
were lower than the yields in the first experiment, an im­
portant reason being that there were nine plants per culture 
in the first experiment but only six in the second. Another 
reason is that the roots in the second experiment were 
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processed twice to separate them from sand, and seed hulls 
from germinated seeds were removed. In both experiments the 
yield of roots in the sand increased with the yield of tops. 
Roots produced in the soils did not respond like those 
produced in the sand. The first increment of calcium car­
bonate increased the mean yield of roots produced in the 
soils in both experiments. An increase in yield of roots 
and in root proliferation has been reported in the past to be 
a consequence of liming acid soils, one of the reasons given 
for this observation being that liming has reduced aluminum 
and manganese toxicities. In this connection it may be note­
worthy that the first increment of calcium carbonate increased 
the yields of roots in both experiments in three of the most 
acid soils in which toxicity problems may have existed - the 
Weller soil (high in exchangeable manganese), the Lindley 
soil (high in exchangeable manganese and aluminum) and the 
Rathbun soil (high in exchangeable manganese). 
Nevertheless, the significance of the differences in 
yield of roots in the various soils and treatments is not 
clear. One might suppose that the increase in root pro­
liferation associated with application of calcium carbonate, 
which occurred to some extent with most of the soils in both 
experiments, would produce a greater uptake of phosphorus 
because of the greater area of root-soil contact. But, on 
the average, uptake of phosphorus was reduced by application 
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of calcium carbonate. Therefore, there is no clear in­
dication that toxicity due to excess aluminum and manganese 
Indirectly reduced phosphorus uptake by inhibiting root 
growth. If such an effect existed, it was evidently smaller 
than the opposing effect of calcium carbonate in decreasing 
the availability of phosphorus. 
Worthy of further comment is the connection between yield 
of roots produced in the soil and uptake of phosphorus from 
the soil. Considerable differences among soils were observed 
in roots produced in the soil, but the weight of these roots 
bears little or no relation to the uptake of phosphorus from 
the soils. The Okoboji soil is particularly noteworthy in 
this connection. This soil ranked among the lowest in yield 
of roots produced in the soil but among the highest in phos­
phorus absorbed from the soil. 
Effects of calcium carbonate on the phosphorus percentage 
and yield of phosphorus in tops of buckwheat plants 
The effects of calcium carbonate on the phosphorus per­
centage and yield of phosphorus in the tops of plants in 
Buckwheat Experiments No. 1 and No. 2 are shown in Tables 18 
to 41. These data are summarized in Tables 44 and 45 and 
presented on a relative basis in Tables 46 and 47. The mean 
effect of calcium carbonate on phosphorus yields in tops for 
the two experiments is presented in Table 48 and in Figure 3. 
Figure 3. Mean yield of phosphorus in tops of plants on 
eleven soils, each treated with calcium carbonate 
equivalent to different proportions of the 
exchange acidity, in excess of the yields of 
phosphorus in the tops of plants on control sand 
cultures without soil in two experiments with 
buckwheat as test crop 
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The results show that calcium carbonate, at all levels and 
in both experiments, depressed the over-all yields of phos­
phorus in the tops of the plants. Calcium carbonate equi­
valent to 20^ of the exchange acidity reduced the mean yield 
of phosphorus in the tops of buckwheat plants in the first 
experiment from 1.52 mg to 1.13 mg, a reduction of 26^, In 
Buckwheat Experiment No. 2 the decrease was 32^. These 
effects are also evident in the relative yield data presented 
in Tables 46 and 47. 
The depressing effect of calcium carbonate on the yield 
of phosphorus was similar in the two experiments and per­
sisted over all treatments. Apparently, therefore, the de­
pressing effects of calcium carbonate may persist for more 
than 4 months. Longer incubation periods would be required 
to assess the duration of the depressing effect. 
The reasons for the depressing effect are not evident. 
Various hypotheses may be invoked to account for the effect, 
as indicated in the survey of literature. It is not intended 
to apply these hypotheses to the effects reported here as 
further experimental work would be required to support or 
contradict them. 
Examination of the phosphorus yields shown in Tables 44 
and 45 and the relative yields of phosphorus in Tables 46 and 
47 shows that the depressing effects of calcium carbonate on 
the yield of phosphorus are associated with the content of 
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organic phosphorus and of inorganic phosphorus extracted 
incidentally in the organic phosphorus determination. This 
association may be expressed numerically in the form of cor­
relations of the quantities of phosphorus in these fractions 
with the percentage decrease in yield of phosphorus due to 
application of calcium carbonate equivalent to 20^ of the 
exchange acidity. The percentage decreases in yield of 
phosphorus are given in Table 75, and the correlations of 
percentage decreases with various soil phosphorus fractions 
are given in Table 76. The correlation involving the two 
phosphorus fractions mentioned and the sum of these two 
fractions are evidently higher than the corresponding 
correlations involving the phosphorus extracted by the first 
experiment and higher than all but .the correlation involving 
the phosphorus extracted by sulfuric acid in the second. 
Associations between yields of phosphorus in tops of buckwheat 
plants and extractable phosphorus in soils 
The yields of phosphorus in the tops of plants in 
Buckwheat Experiment No. 1 are summarized in Table 44. and 
the corresponding data on amounts of phosphorus extracted 
from the soils by various extractants are summarized in 
Tables 56 to 60. The linear correlations in Table 77 provide 
a measure of the association of these variables. 
The results indicate a fairly close association (r = 0.88) 
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Table 75. Percentage decrease in yield of phosphorus in the 
tops of plants due to application of calcium 
carbonate in quantities equivalent to 20^ of the 
exchange acidity of various soils in two experi­
ments with buckwheat as the test crop 
Percentage decrease in yield of phosphorus due 
to CaCOo in indicated experiment 
Soil 
Buckwheat Experiment Buckwheat Experiment 
No. 1 No. 2 
Okoboji 43.3 25.0 
Llndley - 1.1 - 5.1 
Oran 11.2 ' • 5.8 
Lamoni 17.0 6.4 
Hagener 17.6 44.2 
Well.er - 25.0 9.8 
Adair 22.6 26.6 
Rathbun 2.8 13.2 
Caleb 2.2 28.3 
Kenyon 31.6 4.9 
Kniffin 25.4 34.4 
Mean 13.4 17.6 
between yields of phosphorus in the tops of buckwheat and 
phosphorus extracted by 0.03N NH^^F, 0.025N Hcl. A plot of the 
first of these variables against the second is shown in Figure 
4. Slightly lower correlations (r = 0.83 and. r = 0.77) were 
and 0.025 N HgSO^; 0.05N HCl as extractants. The correlation 
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Table 76. Linear correlations of quantities of various 
phosphorus fractions in soils with the per­
centage decrease in yield of phosphorus in the 
tops of plants due to application of calcium 
carbonate to the soils in quantities equivalent 
to 20% of the exchange acidity in two experiments 
with buckwheat as test crop 
Linear correlation (r) of 
percentage decrease in yield 
of phosphorus with soil phos­




No. 1 No. 2 
Orga.nic phosphorus (A) 0.68 0.57 
Extractable inorganic phosphorus 
(B) 0.68 0.43 
A + B 0.78 0.59 
Phosphorus fraction soluble in 
0,5N NH^^F 0.47 . 0.38 
Phosphorus fraction soluble in 
O.IN NaOH 0.34 0.23 
Phosphorus fraction soluble in 
0.5N H2SO4 0.52 0.56 
obtained with phosphorus extracted by sodium acetate, acetic 
acid was fairly low (r - 0.6I), and that obtained with phos­
phorus extracted by O.Ol-molar calcium chloride was still 
lower (r - 0.25). 
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Table 77. Linear correlations between yields of phosphorus in 
tops of plants in Buckwheat Experiment No. 1 and 
phosphorus extracted from the soils by various 
extractants 
Soil phosphorus extractant 
Linear correlation (r) 
between yield of phosphorus 
in plants and phosphorus 
extracted from soils by re­
agents in column 1 
0.03N N%P, 0.025N HCl 0.88 
0.5M NaHCOg 0.83 
0.025N 0.05N HCl 0.77 
Sodium acetate acetic acid 0.61 
O.OIM - calcium chloride 0.25 
p 
Figure 4. Yield of phosphorus in tops of plants grown in 
sand-soil cultures with eleven soils, each treated 
with calcium carbonate equivalent to 0, 20, 4o, 
6o, and 100 per cent of the exchange acidity in 
Buckwheat Experiment No. 1, versus phosphorus 
extracted from the soils by 0.03-normal ammonium 
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SUMMARY AND CONCLUSIONS 
The purpose of this investigation was to determine the 
effects of calcium carbonate added to acid soils on the 
availability of the native soil phosphorus to plants. 
Because the uptake of phosphorus by plants from soils treated 
with different quantities of calcium carbonate may be affected 
indirectly by changes in availability of aluminum, manganese 
and iron associated with the application of calcium car­
bonate, certain measurements were made on these elements in 
the soils and plants as a possible aid in interpreting the 
data on phosphorus. 
In an attempt to increase the selectivity of the plant-
response data for reflecting phosphorus availability, the 
test plants were selected for comparative Insensitlvlty to 
soil acidity, and a technique was used in which the plants 
were first grown in sand cultures with a complete nutrient 
solution lacking phosphorus. When a mat of roots had 
developed on the bottom of the sand, the sand cultures were 
placed on the moistened soil and allowed to absorb phosphorus 
from the soil. Finally the plant tops were cut off, the 
roots were separated from sand and soil, and analyses were 
made on the plant material for the elements of interest. 
Two preliminary experiments were carried out with corn 
and oats as test crops to test the method and to acquire 
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experience. Buckwheat was used as test crop in the two main 
experiments in which the total time of contact between cal­
cium carbonate and soil was 3 or 18 weeks, including the 3 
weeks allowed for uptake of phosphorus by the plants. 
Application of calcium carbonate decreased the uptake of 
phosphorus by the buckwheat when the results were averaged 
over all eleven soils used. The depression was usually as 
pronounced with the first increment of added calcium car­
bonate, equivalent to 20fo of the exchange acidity, with any 
of the three larger quantities of calcium carbonate used. 
Application of calcium carbonate decreased the exchange­
able aluminum and manganese, which were relatively high in 
some of the soils, and in general increased the weight of 
roots produced in the soils. These two effects might be 
expected to increase phosphorus uptake. That this did not 
occur indicates that the indirect beneficial effect of cal­
cium carbonate on uptake of phosphorus due to reduction of 
toxicity of aluminum and manganese either was not of 
significance or was masked by the detrimental effect of cal­
cium carbonate on phosphorus availability. 
The effect of calcium carbonate on uptake of phosphorus 
by the plants was not consistent among soils. Responses 
ranged from a considerable depression in phosphorus uptake 
from some soils to a small increase In phosphorus uptake from 
others. 
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The decrease in uptake of phosphorus due to application 
of calcium carbonate persisted for at least 4 months, the 
longest time investigated. 
The decrease in uptake of phosphorus due to application 
of calcium carbonate became more pronounced with an increase 
in content of phosphorus in the soil in the organic form and 
in the inorganic fraction extracted incidentally in the 
organic phosphorus determination. 
The over-all conclusion is that adding calcium carbonate 
changed the availability of phosphorus in some of the acid 
soils investigated and that the changes were not always 
beneficial in the short-term trials carried out. 
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